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Scientific abbreviations and symbols
The abbreviations and symbols are listed alphabetically. All symbols used in formulas
are written in italic.
Abbreviations
ACD Acid-sensitive channel, degenerin-like
AD Analog digital
Arg Arginine
ASIC Acid-sensing ion channel
Asp Aspartate
BASIC Bile acid-sensitive ion channel
bp Base pair
BSA Bovine serum albumin
C carboxy
cASIC chicken Acid-sensing ion channel
cDNA Complementary deoxyribonucleic acid
CHO Chinese hamster ovary
COS CV-1 (simian) in Origin with SV40 genetic material
DEG Degenerin
DEL Epithelial sodium channel (C. elegans)
DEPC Diethylpyrocarbonate
dNTP Deoxyribonucleoside triphosphate
DOPE Discrete Optimized Protein Energy
DTT Dithiothreitol
E. coli Escherichia coli
EAE Experimental autoimmune encephalomyelitis
ENaC Epithelial sodium channel
FaNaC FMRFamide-gated sodium channel
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FLR ion channel of the degenerin subfamily
FMRF Phenylalanine-Methionine-Arginine-Phenylalanine
GABA Gamma-aminobutyric acid
GFP Green Fluorescent Protein
Glu Glutamate
HA Haemagglutinin
HG Histidine-Glycine
HyNaC Hydra sodium channel
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MEC Mechanosensitive channel (C. elegans)
MitTx toxin of the Texan coral snake (Micrurus tener tener)
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N amino
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PcTx1 Psalmotoxin 1
PDB ID Protein Data Bank Identification
PPK Pickpocket (Drosophila melanogaster)
rASIC rat Acid-sensing ion channel
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RLU Relative light unit
RPK Ripped-Pocket (Drosophila melanogaster)
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TEA Tris Acetate EDTA buffer
TEVC Two-electrode voltage-clamp
TRP Transient Receptor Potential
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Symbols
a Residual current
Å Angstrom
Ca2+ Calcium ion
Cl− Chloride ion
∆G Coupling energy
EC50 Half-maximal activation
φ Dihedral angle
φ’ Dihedral angle
H+ Hydrogen ion
H2O2 Hydrogen peroxide
Imax Maximal normalized current
I(x) Electric current
K+ Potassium ion
Na+ Sodium ion
nHill Hill coefficient
R Ideal gas constant
T Absolute temperature
τ Time constant
xhalf ligand concentration for half-maximal activation
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1 Summary
Acid-sensing ion channels (ASICs) are proton gated cation channels, which are involved
in many neuronal diseases, synaptic transmission, learning, memory and nociception.
ASICs are members of the DEG/ENaC gene family and consist of four genes (ASIC1-4),
with two splice variants (ASIC1b and 2b). They are mainly expressed in the central and
peripheral nervous system. Their implication in neuronal diseases makes them a potent
drug target. The knowledge of their gating mechanism and the exact composition of
ASIC in heteromers are the basis for the development of new therapeutic ligands for
the treatment of disease patterns, where ASICs are involved.
This study can be divided into two parts. First, the interaction during the gating
of rASIC1a between two conserved histidines and an aspartate was investigated in
molecular detail and second, the exact stoichiometry of the ASIC1a/2a heteromer has
been identified.
For the investigation of the gating mechanism, previous studies gave first insights
into the functional relevance of specific amino acids. Studies on rASIC1a found that
the double mutation of the fully conserved H73 and the partially conserved H72
into asparagine led to non functional channels. Additionally, if D78 was mutated
into asparagine together with mutations in the Ca2+ binding site E425GD432C, the
channel function was abolished. These results indicate a relevance of these amino
acids for proper channel gating. Furthermore, the crystal structure of cASIC1 in
the desensitized state gave first hints for an interaction between H73 and D78 of an
adjacent subunit by building a salt bridge.
By the method of the double-mutant cycle analysis, the formation of a salt bridge
between H72 and H73 to D78 of an adjacent subunit and its energetical contribution
to the different conformations of the channel was explored. Furthermore, H72, H73
and D78 were mutated into cysteines and their spatial proximity was investigated by
disulfide bond trapping. Additionally, the application of MTS reagents and the charge
swap and reversal of the amino acids gave information about the importance of the
charge of the respective side chains and their structural rearrangement during gating.
The results of this study suggest stabilizing contributions of the salt bridge between
H73 and D78 to ligand binding and of the interaction between H72 and D78 to
desensitization. During gating, the channel experiences a structural rearrangement
above the transmembrane domains, which is supported by the energetical contributions
of the salt bridges. The freely moving side chain of D78 and the positive charges
either at position H72 or at H73 are essential for proper channel function. In summary,
not just the salt bridges but the structural rearrangement above the transmembrane
1
1 Summary 2
domain around D78 influence the channel during pore opening.
In the second part of the thesis, the stoichiometry of ASIC1a/2a heteromers had
been explored. ASIC1a/2a heteromers had been described for example in hippocampal
and dorsal horn neurons, where they show distinct functional properties from their
relative homomers. Since drugs often bind at subunit interfaces and different agonists
and antagonists of ASICs have been found by crystal analysis to bind at interfaces, the
knowledge of the subunit composition in heteromers has a relevance for drug design.
For the electrophysiological characterization of the heteromers, the method of the
two-electrode voltage-clamp was used. Furthermore, the group of Prof. Dr. Ulbrich
from Freiburg counted the GFP and ttCherry tagged ASIC subunits in the heteromer
by bleaching steps with a single molecule imaging method.
The results of the second part clearly revealed the coexistence of ASIC1a and
ASIC2a homomers, together with ASIC1a/2a heteromers in Xenopus laevis oocytes.
Heteromeric ASIC1a/2a assembles in a random fashion, with either a 1:2 or a 2:1
stoichiometry. This flexible stoichiometry of ASIC1a/2a increases the variety of ASICs
in the central and peripheral nervous system.
2 Zusammenfassung
Acid-sensing ion channels sind Protonen-aktivierte Kationenkanäle und leiten vornehm-
lich Na+ in die Zelle. ASICs gehören zur DEG/ENaC Genfamilie und beinhalten
vier Gene (ASIC1-4), mit zwei splice Varianten (ASIC1b und 2b). Hauptsächlich
werden sie im zentralen und peripheren Nervensystem exprimiert. Sie sind an neu-
ronalen Krankheiten, an der synaptischen Übertragung, Gedächtnisleistungen und
dem Schmerzempfinden beteiligt. Somit haben ASICs eine große physiologische und
pathophysiologische Bedeutung und gelten als mögliche neue therapeutische Targets.
Das Wissen über den Aktivierungsmechanismus, sowie die exakte Stöchiometrie von
ASIC Untereinheiten in einem Heteromer unterstützen die Entwicklung von neuen
therapeutischen Leitstrukturen.
Diese Dissertation kann in zwei Hauptteile gegliedert werden. Zunächst wurde
die Interaktion zwischen zwei konservierten Histidinen und einem Aspartat während
des Gatings von rASIC1a im molekularen Detail untersucht. Im zweiten Teil der
Dissertation wurde die Stöchiometrie des ASIC1a/2a Heteromers aufgeklärt.
Zur Untersuchung des Aktivierungsmechanismus von ASICs haben bereits veröf-
fentlichte Studien erste Hinweise auf für die Aktivierung wichtige Aminosäuren geliefert.
Diese Studien zeigen, dass die Doppelmutante der hoch konservierten Aminosäure
H73 und der teilweise konservierten Aminosäure H72 zu einem nicht funktionellen
Ionenkanal führen. Auch bei einer Mutation von D78 kombiniert mit einer weit-
eren Mutation der Ca2+ Bindestelle E425GD432C zeigte der Ionenkanal keinen
Protonen-aktivierten Strom. Diese Ergebnisse verdeutlichen die hohe Relevanz der
drei Aminosäuren H72, H73 und D78 für den Aktivierungsmechanismus von ASICs.
Zusätzlich zeigt die kürzlich veröffentlichte Kristallstruktur von cASIC1 im desensi-
tisierten Zustand eine mögliche Salzbrücke zwischen den Aminosäuren H73 und D78
von einer benachbarten Untereinheit.
Mit der Methode der Doppelmutanten Analyse wurde der energetische Beitrag
einer Salzbrücke zwischen H72, H73 und D78 in den verschiedenen Zuständen des
Kanals untersucht. Zusätzlich wurden alle drei Aminosäuren in Cysteine mutiert, um
deren räumliche Nähe zu untersuchen. Die Verwendung von MTS Reagenzien und
der Ladungs- und Positionsaustausch der Seitenketten der Aminosäuren gab erste
Hinweise über die strukturellen Änderungen während des Gatings.
Die Ergebnisse des ersten Teils der Dissertation deuten auf einen stabilisierenden
Beitrag der Salzbrücke zwischen H73 und D78 für die Ligandenbindung hin und der
zwischen H72 und D78 für die Desensitisierung. Während des Gatings erfährt der
Kanal oberhalb der Transmembrandomäne eine konformationelle Änderung, welche
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durch die energetischen Beiträge der Salzbrücken unterstützt wird. Die frei bewegliche
Seitenkette von D78 und die protonierbaren bzw. positiv geladenen Seitenketten von
H72 und H73 sind für die Funktion des Kanals notwendig. Zusammengefasst haben
nicht nur die Salzbrücken, sondern vor allem die konformationelle Umstrukturierung
oberhalb der Transmembrandomäne um D78 einen großen Einfluss für die Funktion
des Kanals.
Im zweiten Teil der Dissertation wurde die Stöchiometrie des ASIC1a/2a Heteromers
untersucht. Der Heteromer ASIC1a/2a wurde bereits zum Beispiel in Neuronen des
Hippocampus und des Hinterhorns nachgewiesen. ASIC1a/2a zeigt als Heteromer
andere elektrophysiologische Eigenschaften als die jeweiligen Homomere. Leitstrukturen
binden oft an den Schnittstellen von Untereinheiten in einem Oligomer. Außerdem zeigt
die Kristallstruktur von cASIC1 mit Agonisten und Antagonisten, dass diese deutlich
an den Schnittstellen zwischen den Untereinheiten des Trimers binden. Diese Studien
verdeutlichen, dass die Erforschung der Untereinheitenkomposition von Heteromeren
hoch relevant ist für die Leitstrukturensuche.
Für die elektrophysiologische Charakterisierung des Heteromers ASIC1a/2a wurde
die Methode der Zwei-Elektroden Spannungsklemme genutzt. Außerdem wurden von
der Arbeitsgruppe von Prof. Dr. Ulbrich aus Freiburg mit der “single molecule imaging”
Methode die GFP und ttCherry getaggten, fluoreszierenden ASIC Untereinheiten im
Heteromer anhand von “bleaching steps” gezählt.
Die Ergebnisse des zweiten Teils der Dissertation decken die Koexistenz von ASIC1a
und ASIC2a Homomeren, neben ASIC1a/2a Heteromeren in Xenopus laevis Oozyten
auf. Der ASIC1a/2a Heteromer assembliert in zufälliger Weise, mit einer Stöchiometrie
von 1:2 und 2:1. Diese flexible Stöchiometrie des Heteromers ASIC1a/2a verdeutlicht
die hohe Variabilität von ASICs im zentralen und peripheren Nervensystem.
3 Introduction
This thesis concentrates on acid-sensing ion channels of the DEG/ENaC gene family.
Acid-sensing ion channels are involved in neuronal diseases like stroke or autoimmune
inflammation. They contribute to neuronal and axonal degeneration. Furthermore,
ASICs play a role in signal transduction between neurons and the detection of sensory
signals. Therefore, ASICs cover important roles in physiological functions and are
involved in pathophysiological states.
3.1 Ion channels
As the name implies, ion channels are pore forming proteins that are located in the cell
membrane. They are the basic proteins that define the ion permeability of membranes
due to the diffusion of certain ions over the membrane driven by their electrochemical
gradients [77].
Two main classes of ion channels exist, the voltage- and the ligand-gated ion channels.
The former can sense changes in electrical potentials and are gated by these changes.
Voltage-gated ion channels are highly selective and normally allow just one specific
type of ion to cross the membrane. Important examples are voltage-gated Na+, Ca2+,
K+ and Cl− channels [77].
Ligand-gated ion channels are gated by chemical signals like neurotransmitters or
second messengers and are often less selective than voltage-gated channels. They often
allow several kinds of ions to pass through the pore. Examples of these ligand-gated ion
channels are acid-sensing ion channels or for example cyclic nucleotide gated channels
[77].
Other ion channels can respond to mechanical stimuli, which is important for stretch
receptors and neuromuscular stretch reflexes. Additionally, members of the TRP gene
family sense temperature changes and painful stimuli [77].
The interest in ion channels raised even more due to their various implications in
diseases, which are caused by alterations in their genes, often referred to as chan-
nelopathies. These alterations lead to amino acid substitutions or truncations of the
ion channel. Channelopathies in the brain cause different neurological diseases, like
episodic ataxia, with truncated Ca2+ channels, or migraine headaches, caused by
mutations in the pore region of Ca2+ channels [77].
5
3.2 The DEG/ENaC gene family 6
3.2 The DEG/ENaC gene family
Proton-gated ion channels were first discovered in 1981. Krishtal and Pidoplichko
found a receptor that was activated by protons and showed an inward current of Na+
ions [56, 57]. The name for the DEG/ENaC gene family derived from a phenotype
of mutated deg-1 genes, which lead to a degeneration of sensory neurons [55]. The
phylogenetic tree in figure 3.1 illustrates the different members of the DEG/ENaC
gene family.
Acid-sensing ion channels are proton-activated Na+ channels. They are widely
expressed in the central [80] and peripheral nervous system [81]. Four ASIC genes
and at least two isoforms exist, ASIC1a and 1b, ASIC2a and 2b, ASIC3 and ASIC4
[99, 18, 76, 63, 98, 46]. The physiological and pathophysiological role of ASICs is
described in chapter 3.3 in more detail.
The epithelial sodium channel (ENaC) is localized at the apical membrane of
epithelialium. It mediates the transport of Na+ across the epithel of a cell [55].
Another large group of the gene family are the degenerin channels. Several ion
channels belong to this group, like ACD, DEL, FLR, MEC and UNC. Degenerin
channels are crucial for the transduction of mechanical stimuli into bioelectrical signals
[55].
In 1998 the bile acid-sensitive ion channel (BASIC) was cloned from mouse and rat.
The ion channel is mainly expressed in the brain, the liver [84] and in cholangiocytes
of the bile duct [103]. Activation of BASIC by bile acids leads to a robust inward
current of Na+ ions in epithelial cells.
From Drosophila, the channels RPK and PPK were characterized [1]. RPKs may
play a role in early developmental stages of Drosophila embryos and may regulate the
cell volume and the fluid distribution [29]. PPKs are expressed in sensory dendrites
in the peripheral nervous system in late-stage embryos and early larvae. They might
function as mechanotransduction channels [30].
The peptide gated ion channels, FaNaC and HyNaC, are the only known ionotropic
receptors for neuropeptides. FaNaC was cloned from snail and is expressed in its
nervous system and in pedal muscles. It is gated by FMRF-amides [62]. HyNaC was
cloned from Hydra magnipapillata and is gated by endogenous neuropeptides, the
RFamides [42].
The members of the DEG/ENaC gene family show considerable sequence homologies
(figure 3.2), but are widely spread in their function. Some sequence homologies are
completely conserved over all family members, whereas others do only arise in specific
family members. The highly conserved HG motif, the transmembrane segments M1
(FPxxTxC) and M2 (completely conserved), and the cysteine rich domains II and III
are present in all DEG/ENaC family members. Especially the conserved cysteines
might stabilize the tertiary structure of the extracellular loop by disulfide bonds in all
channels [55].
Further domains like the cysteine rich domain I and the extracellular regulatory
3.2 The DEG/ENaC gene family 7
Figure 3.1: Phylogenetic tree of the DEG/ENaC gene family. The gene family con-
tains species from vertebrates, like ENaC, ASIC and BASIC. Channels from the
degenerins (ACD, DEL, FLR, MEC, UNC) were found in C. elegans. PPK and
RPK channels are members from drosophila. The peptide-gated ion channel
HyNaC appears in Hydra magnipapillata and FaNaC in snails. (Image from:
Assmann, 2014 [4])
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Figure 3.2: Common features of the structure of DEG/ENaC family members.
Completely conserved sequences of every member of the gene family are the
HG-motif (His-Gly),the M1 and M2 transmembrane segments and the cysteine
rich domains (CRD) II and III. CRD I and the extracellular regulatory domain
(ERD) are only conserved in the degenerin subfamily. The proline rich domain
PY is unique to ENaCs [55].
domain are only conserved in members of the degenerin subfamily. The PY domain
is unique to ENaC subunits, which carry a proline rich domain (PPPxYxxL). These
prolines are suggested to play a role in interactions between proteins [55].
3.3 Physiological and pathophysiological function of ASICs
In the central nervous system, ASIC1a is mainly expressed in the amygdala, cortex,
hippocampus, olfactory bulb, and in the striatum [100]. ASIC1a carries a role in
sensory perception and integration, specifically it contributes to spatial learning and
memory [101] and modulates the density of dendritic spines [110]. Additionally,
ASIC1a participates in fear conditioning [27, 102], making it a possible target for
antidepressants.
Epileptical seizures reduce the pH of the brain. This extracellular acidosis is sensed
by ASIC1a. Studies revealed that ASIC1a terminates seizures and shortens its duration,
when the pH drops [111]. Additionally, ASIC1a increases brain injury during ischemic
stroke. Inhibition of ASIC1a by its specific blocker Psalmotoxin 1 (PcTx1) protected
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cells from damage and death in the brain, making it a potential target against stroke
[106].
ASIC1a also contributes to axonal degeneration in autoimmune inflammation. Stud-
ies of a mouse model with experimental autoimmune encephalomyelitis (EAE) showed
that specific blockage of ASIC1a by amiloride protected the degeneration of neurons
[40]. Therefore, ASIC1a can be an important candidate for a drug target to protect
from neuronal damage caused by multiple sclerosis. Furthermore, the ASIC1a sub-
unit plays an important role for retinal activity. It facilitates phototransduction and
adaptation [38]. Additionally, studies revealed a protective role of ASIC2 against the
degeneration of the retina induced by light [39].
Besides the physiological and pathophysiological contributions of ASICs in the
central nervous system, ASICs are also expressed in the peripheral nervous system in
sensory neurons of the dorsal root ganglion [68, 105] and the trigeminal ganglion [68],
where they contribute to detection of painful acidosis [107].
The ion channel ASIC3 was found to increase inflammatory and mechanical pain
[65, 19]. Moreover, ASIC3 triggers the sensation of cardiac pain, making it a possible
therapeutical target against angina pectoris [95].
In summary, ASICs play a physiological role and are influenced by neuronal diseases.
Therefore, the knowledge about their function and their gating mechanism can lead to
the development of new potential drugs that target ASICs to block their pathological
contributions.
3.4 Crystal structure of cASIC1
The three dimensional structure of proteins defines their architecture. Two main
methods are used to reveal the structure of proteins and small molecules:
• X-ray crystallography
• Nuclear Magnetic Resonance (NMR) Spectroscopy
For x-ray crystallography the investigated protein has to be crystallized, so that x-rays
can be scattered on the crystal. It is the more common method, which can determine
structures also of large proteins, with molecular weights up to 106 g/mol.
The method of NMR-spectroscopy has the advantage that it solves the atomic
structures of proteins in solution, which reveals their flexibility and specific interactions.
Atomic nuclei can be stimulated by a magnetic field, which gives information about the
structure of the protein. Just small molecules and peptides with a molecular weight of
smaller than 30 g/mol can be solved.
All present structures of ASICs were obtained by x-ray crystallography, which shows
their architecture, but represents a snapshot of the crystallized conformation but not
the flexible protein.
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3.4.1 Structure of cASIC1 in the desensitized conformation
In 2007 the first crystal structure of a non functional chicken ASIC1 construct has been
solved at 1.9Å resolution (PDB ID: 2QTS) [51]. The crystallization of the protein
required a low pH (pH 5-6) and the truncation of the N- and C-termini (64 and 25
amino acids, respectively). This truncated protein did not lead to proton activated
currents in patch-clamp experiments [51], nevertheless the structure of the protein
gave first evidence for the trimeric assembly of ASICs and first hints for proton binding
sites at subunit interfaces. Two years later, a functional cASIC1 crystal structure at
3Å resolution was solved (PDB ID: 3HGC) [43], which revealed the position of the
transmembrane domains in a functional ASIC.
The crystal structure of cASIC1 reveals a trimeric assembly of the protein, most likely
in the desensitized state, because crystallization was performed at pH 5.6. cASIC1 has
a large extracellular domain, two transmembrane spanning helices per subunit (figure
3.3A), and short intracellular N- and C-termini. The structure of the extracellular
domain was compared to a clenched hand, consisting of a finger, a knuckle, a palm and
a thumb [51]. The thumb domain contains seven highly conserved disulphide bonds
throughout ASICs, which might support the structure in its stability. The “hand"
reaches its wrist right above the plasma membrane, where the transmembrane helices
might undergo structural rearrangements during gating.
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Figure 3.3: Crystal structure of cASIC in the desensitized state. Each subunit is col-
ored differently. A The “acidic pocket” is shown in close-up view. Pairwise
interacting acidic amino acids are shown in stick representation. B Top view of
the cASIC1 structure from the extracellular site. (PDB ID: 2QTS).
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Subunit-subunit interactions are widely spread throughout cASIC1. One of these
interactions shows an enrichment of very close negatively charged amino acids, which
can interact pairwise. This so called “acidic pocket” might act as a proton binding
site [51]. At least one carboxyl group of each pair has to be protonated, because of
the small distances between them (see close-up view in figure 3.3A). The amino acids
in the “acidic pocket” are highly conserved, also in proton-insensitive ASICs [26].
The top view from the extracellular side of the membrane of cASIC1 shows a central
opening (figure 3.3B), which does not have a regular diameter in the desensitized
structure through which ions might pass. Either the pore gets bigger in size to let ions
pass through the protein, or the ions access the pore through extracellular fenestrations
from the site of cASIC1, to reach the central pore [51].
3.4.2 Toxin binding sites in cASIC1
The structure of cASIC1 has been solved in complex with two gating modifiers, PcTx1
and MitTx [7, 31, 6]. PcTx1 extracted from the venom of the South American tarantula
[37, 36], can act as an agonist on rASIC1b and cASIC1 by stabilizing the open state of
the channels [22, 86]. Additionally, PcTx1 acts as an agonist on rASIC1a by effectively
inhibiting the channel at pH 7.4 and by increasing its apparent proton affinity [21].
The toxin of the Texas coral snake, MitTx, acts like an agonist and activates ASIC1a
depending on the pH [15].
In 2012 two structures of cASIC1 in complex with PcTx1 have been crystallized
and solved at low pH, in an open state [7, 31]. The structures revealed the binding of
PcTx1 to cASIC1. As previously suggested by the investigation of the binding site by
three individual docking experiments [73, 78, 83], PcTx1 bound at subunit interfaces of
the homomeric cASIC1, partly in the acidic pocket of the channel. One peptide bound
per subunit interface, undergoing several hydrophobic and electrostatic interactions
with cASIC1 (figure 3.4).
Though the binding sites for PcTx1 were identical in both studies, the interacting
amino acids of the channel with the peptide were slightly different and showed the
flexibility of the amino acids in the binding pocket [44]. Important interactions
were formed by the hydrophobic residues Trp7 and Trp24 of PcTx1. The basic
residues Arg26, Arg27 and Arg28 contributed to peptide binding by their electrostatic
interactions (Fig. 3.4). Especially the amino acid Arg28 showed differences in binding
in the crystal structure by Dawson et al.[31]. In only two of the three binding sites of
cASIC1, Arg28 goes deep into the pocket to form hydrogen bonds with Glu243 (figure
3.4). The third binding pocket shows an interaction between Arg28 and the amino
acids Asp238, Asp350 and Glu354, which indicates the flexibility of the peptide to
interact with different amino acids of its target protein.
The crystal structure of the heterodimeric toxin MitTx in complex with cASIC1
showed that the binding site of MitTx overlaps with the binding site of PcTx1 [6]. This
explains, why the coapplication of both toxins is mutually exclusive in its binding and
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Figure 3.4: Binding pocket of cASIC1 and its interactions with PcTx1. The structure
resolved by Dawson et al. (PDB ID: 3S3X, blue) and the low-pH structure by
Baconguis and Gouaux (PDB ID: 4FZ0, red) are superimposed. Their respec-
tive PcTx1 molecules are shown in solvent-accessible surface representation
(Dawson: green, Baconguis: yellow). The detailed molecular interactions of
PcTx1 with cASIC1 and their discrepancies depending on the crystallized struc-
ture are shown in boxes. Dashed lines show possible interactions by building
hydrogen bonds in the structure of Dawson (blue lines) and Baconguis (red
lines) (Image from: Gründer and Augustinowski, 2012 [44]).
activity [15]. The heterodimeric structure of MitTx reveals how peptides can activate
heteromers, like the ASIC1a/2a heteromer [15]. Each subunit of the MitTx dimer
interacts individually with amino acids of a single subunit of cASIC1 [6].
In summary, the recent studies of the binding of toxins to cASIC1 revealed that the
peptides bind at subunit interfaces and undergo flexible hydrophobic and electrostatic
interactions with the amino acids in the binding pocket.
3.4.3 Structure of cASIC1 in the open conformation
The open structure of cASIC1 was solved in a complex with the agonist/antagonist
PcTx1 by x-ray crystallography, five years after the publication of the desensitized
structure [7]. A functional cASIC1, with only small truncations of the C- and N-termini,
was crystallized at two different pH values, giving rise to two different conformations.
Compared to the desensitized structure (PDB ID: 3HGC), the open structures (pH
5.5, PDB ID: 4FZ0 and pH 7.25, PDB ID: 4FZ1) exhibit a pore with a larger distance
between the adjacent subunits than the desensitized one (figure 3.5). The structural
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Figure 3.5: Pore architecture of the desensitized and the open state of cASIC1.
The desensitized structure is colored in blue and the open structure in yel-
low. Representative Cα atoms of Val75 lining the pore are shown as spheres.
Dashed lines indicate the distance between the Cα atoms, where the open
structure has a larger diameter of the pore.
alignment of the open and the desensitized crystal structures gives first insight into
the rearrangement of the ion channel during gating. The upper palm domain and the
knuckle act as a relatively rigid scaffold during gating (figure 3.6). The lower palm
domain is flexible and its flexibility is guaranteed by two linkers, the β 1 -β 2 and the
β 11 -β 12 linker[92]. The wrist is inducing rotational and radial rearrangements of
the transmembrane domains for pore opening.
The two open structures revealed two conformations with different ion selectivities.
At pH 7.25 the ion channel showed a symmetric open pore, with its smallest diameter
around 10Å. Patch-clamp experiments revealed a channel, which was unselective
for monovalent cations. In contrast, the structure solved at pH 5.5 revealed an axial
assymetry of the pore, with a more elliptical shape. The diameters ranged from 4 - 5Å
to 7 - 10Å [7]. Patch-clamp experiments of cASIC1 at low pH and with PcTx1 showed
a Na+ selective ion channel. The authors suggest that the selectivity for cations of the
ion channel is due to the hydration of the ions. At different pH the ions might pass
the channel in a hydrated or partly hydrated state [7].
This suggestion was confirmed by Baconguis et al. in 2014 [6]. Their study about
the structure of the open state of the cASIC1-MitTx complex revealed that the size of
the selectivity filter matches exactly the size of hydrated Na+ ions, which enter and
exit the pore through lateral fenestrations [6].
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Figure 3.6: Conformational rearrangements between the desensitized and the open
structure of cASIC1 at low pH. The desensitized structure is colored in blue
and the open structure at low pH is colored in yellow. Both structures are
shown in cartoon representation.
3.5 Gating mechanism of ASICs
The crystal structure of the desensitized and the open state of cASIC1 and several
studies on structure-function relationships give first insights into the gating of ASICs
by protons.
3.5.1 Ca2+ binding sites
The ion channel ASIC1a is closed at neutral pH and states to open at pH 6.9. The
half-maximal activation of ASIC1a is reached at pH 6.5, with an increasing current
at more acidic pH values [99, 5]. Three vestibules in the extracellular domain were
indentified in the crystal structure of cASIC1 [43], with the upper vestibule in direct
contact to the extracellular solution (figure 3.7). The extracellular vestibule exhibits
a lateral fenestration, which could act as an ion pathway to the central pore of the
channel. The central and the extracellular vestibule are surrounded by acidic residues,
which could concentrate cations with their negatively charged side chains.
Studies revealed a competition between Ca2+ and H+ ions. The activation of ASICs
is shifted to more acidic pH with high concentrations of extracellular Ca2+ [5]. This
means that more H+ ions are needed to gate the channel, if Ca2+ ions are present. A
predicted Ca2+ binding site is at the bottom of the extracellular vestibule. Mutations
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Figure 3.7: Location of three vestibules in the structure of ASICs. Acidic residues
are lining the central and extracellular vestibule, which could act as an ion
pathway of a pore. Additionally, the amino acids E425 and D432 act as Ca2+
binding sites. (Image from: Gründer and Chen, 2010 [45].)
of D432 and E425 showed that Ca2+ modulation of ASIC gating was smaller [70],
which confirms that the lower part of the extracellular vestibule acts as a Ca2+ binding
site. With rise of the concentration of H+, the two amino acids would get protonated,
which would prevent the binding of Ca2+ and the pore would be open. Though the
Ca2+ binding site has been found, mutations of this site did not render the channel
completely open. This lead to the prediction of a second binding site, like the “acidic
pocket” [51], which contains three pairs of negatively charged amino acids lying face
to face to each other. Molecular dynamics simulations identified the binding of cations
by the amino acid pairs D237-D349 and E238-D345 of the acidic pocket [89]. All
important amino acids for Ca2+ binding are highlighted in figure 3.8. Summarized, all
recently published studies lead to the suggestion that Ca2+ ions stabilize the closed
state of ASICs. In the presence of H+ ions, Ca2+ will be removed from its binding sites
and the negatively charged amino acids get protonated. This leads to conformational
changes and to a central ion conduction pathway.
3.5.2 Highly conserved amino acids involved in proton sensing
Besides the competition between H+ and Ca2+ ions, other charged amino acids might
act as H+ sensors. A study by Paukert et al. screened more than 40 conserved amino
acids of ASIC1a to investigate channel behaviour after mutation of these amino acids
[71]. The sequence alignment in figure 3.8 shows the amino acid sequences of ASIC1a,
ASIC2a, ASIC3 and ASIC4 of rat. All of the conserved and negatively charged amino
acids could sense a proton to induce conformational changes for pore building driven
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Figure 3.8: Sequence alignment of rASICs. The amino acid sequences of ASIC1a,
ASIC2a, ASIC3 and ASIC4 of rat are aligned. The conserved amino acids
are highlighted in black. Crucial amino acids for Ca2+ binding are indicated
with a red arrow. Important amino acids for proton sensing are shown with a
blue arrow.
by an allosteric mechanism. The structures show a high sequence identity, but only
four of the amino acids in the extracellular region emerged as crucial for gating.
The single mutations of E63Q and D78N showed a decrease of current compared
to wild type rASIC1a, but no total abolishment (figure 3.9). However, the triple
mutant of E63Q or D78N together with the mutation of the amino acids in the calcium
binding site (E425GD432C) led to non functional ASIC channels [71]. Therefore, E63
and D78 act as possible H+ sensors in rASIC1a and probably in the H+ sensitive
ASIC2a and ASIC3, because both channels carry a glutamate and an aspartate at the
corresponding position. ASIC4, which cannot be activated by protons [2, 46], does
not carry an glutamate at position 63, which might support the hypothesis that this
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ASIC1a E63Q D78N E79Q
pH 4.5 7.8 pH 5.3 7.8 pH 4.9 7.8 pH 5.3 7.8
10 s
5 μA
E425GD432C triple-E63Q H72NH73N triple-D78N triple-E79Q
pH 4.5 7.8 pH 4.5 7.8 pH 4.7 7.8 pH 4.5 7.8 pH 4.9 7.8
Figure 3.9: Representative current traces of rASIC1a carrying mutations of con-
served amino acids. The single mutants E63Q and D78N showed a reduction
of current after application with an acidic pH. The current was totally abol-
ished, if the two single mutants were additionally inserted in a mutation of
the Ca2+ binding site (E425GD432C). If H72 and H73 were mutated into as-
paragine, the double mutant shows a total loss of channel function. (Image
from: Paukert et al., 2008 [71].
amino acid plays a role in H+ sensing.
Two further amino acids in rASIC1a were discovered to be important for H+
activation. Similar to the negatively charged amino acids, histidines can be potential
sensors for H+. Histidines have a pKa value of approximately 6.0, which means
that they are protonated below a pH of 6.0 [14]. At neutral pH the imidazole ring
of histidine can be neutral, which makes it a good candidate for proton sensing at
physiological conditions.
Mutations of H72 into alanine in ASIC2a abolished the proton activated current [9],
supporting a site in proton sensing for ASIC2a. The alignment in figure 3.8 shows
that rASIC1a has a histidine at the position corresponding to H72 of rASIC2a, H73.
Furthermore, rASIC1a carries a second histidine, H72, adjacent to H73, which could
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act as a second proton sensor for rASIC1a. The single mutation of H72 or H73 into
alanine reduced the proton activated current [71]. The reduction of current of H73A
was approximately three times higher than for H72A, but the channel could still be
activated by protons for both single mutants. Because of the close position of these
two histidines in rASIC1a, Paukert et al. measured the double mutant H72NH73N and
found a non functional ion channel (see figure 3.9) [71]. Thus it seems that rASIC1a
carries two adjacent histidines that are crucial for proton sensing.
Interestingly, the crystal structure of cASIC1 predicts a close position of H73 and
D78 in rASIC1a. These two amino acids might undergo an interaction during gating of
the channel by building a salt bridge. Moreover, because of the second histidine, H72,
in rASIC1a it is possible that this histidine experiences a conformational rearrangement
during gating to interact with D78. This hypothesis has not been clarified till now
and is one of the main questions of this thesis.
3.6 Salt bridges in proteins
A salt bridge describes a non covalent interaction between amino acids (see figure 3.10).
The negatively charged oxygen of the carboxyl group of aspartate or glutamat interacts
with the positively charged proton of the side chain of lysine, arginine or the protonated
imidazol ring in histidines. The amino acids respond with a combination of two different
interactions, by building hydrogen bonds and by interacting electrostatically [33].
The interaction between two amino acids by a salt bridge can be established, if the
donor atoms (N1 and N2 in histidine) and the acceptor atoms (O1 and O2 in aspartate)
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Figure 3.10: Interaction between aspartate and histidine in a salt bridge. The ac-
ceptor aspartate is colored in red and the donor histidine is colored in blue.
Dashed lines indicate the interaction between the negatively charged oxygen
of aspartate and the positively charged imidazole ring of histidine.
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are not further apart than 4Å [8].
Salt bridges provide additional energetical contributions to the overall stability of a
protein. Depending on their coupling energy, salt bridges can contribute to the protein
structure by stabilizing the structure [50, 64, 72], by destabilizing it [94, 97] or by giving
no energetical contribution at all [91, 88]. The coupling energies of two interacting
amino acids can be experimentally determined and calculated by the double-mutant
cycle analysis. See chapter 4.2.6 for a detailed description of this method.
3.7 Heteromeric ASICs in the central and peripheral nervous system
In the central and peripheral nervous systems, ASICs are widely expressed. While
some of the ASICs, like ASIC1a, ASIC2a and ASIC2b are expressed in the brain and in
sensory ganglia and/or the spinal cord [11, 96, 90, 3], ASIC3 is selectively expressed in
sensory ganglion cells [63, 95]. ASICs assemble in a variety of compositions depending
on their expression in the nervous system (table 3.1). The coexistence of heteromeric
assemblies beside homomeric ASICs has long been known, but their stoichiometry has
not been identified.
Especially in hippocampal neurons, the ASIC1a/2a heteromer has been identified
[11]. Studies revealed at least two types of ASICs in cultured hippocampal neurons,
the ASIC1a/2a heteromer and the ASIC1a homomer. A first guess for the existence
of two different stoichiometries was given by Baron et al. [11]. They also suggested
the existence of another heteromer containing ASIC2b, because of the expression of
ASIC2b in hippocampal neurons, but did not verify this hypothesis. This hypothesis
was confirmed by Vukicevic et al., who showed that in hippocampal neurons ASIC1a
homomers and ASIC1a, combined with ASIC2a or ASIC2b, mediate ASIC currents
[96]. The ASIC currents in hippocampal neurons behaved nearly the same as after
coexpression of ASIC1a and ASIC2a in COS or CHO cells (figure 3.11).
The heteromeric ASIC1a/2b ion channel shows distinct properties from ASIC1a [90].
Homomeric ASIC2b is non functional, so that ASIC2b seems to modulate the ASIC1a
ASIC Central Nervous System
Homomer ASIC1a, A2a, A2b hippocampal neurons
Heteromer ASIC1a/2a, ASIC1a/2b hippocampal neurons
ASIC Peripheral Nervous System
Homomer ASIC1a, A2a dorsal horn neurons
Heteromer ASIC1a/2a, ASIC1a/2b dorsal horn neurons
Homomer ASIC3 dorsal root ganglion cells
Heteromer ASIC3/2a, ASIC3/2b dorsal root ganglion cells
Table 3.1: Expression of homomeric and heteromeric ASICs in the nervous system.
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Figure 3.11: pH response relationship of heteromeric ASIC1a/2a in hippocampal
neurons. Black solid line shows the pH dependence of the PcTx1 resistant
ASIC current determined in hippocampal neurons. Dashed lines represent
the pH dependence of currents after expression of ASIC1a or ASIC2a and
coexpression of ASIC1a and ASIC2a in COS or CHO cells. (Image from:
Vukicevic and Kellenberger, 2004 [96].)
currents in heteromers. ASIC1a/2b can be distinguished from ASIC1a by block by
barium and TEA. Additionally, their steady-state desensitization curves are shifted
to more basic values (pH 7.4) and the currents are modulated by the neuropeptide
big dynorphin. After acidosis, ASIC1a/2b ion channels mediates neuronal death in
cultured hippocampal neurons, which makes the heteromeric ASIC1a/2b channel a
new therapeutic target for acidosis-induced neuronal death in neurons [90].
A study by Askwith et al. found that in mouse hippocampal neurons the main
part of the acid induced current was produced by ASIC1a/2a heteromers besides
the corresponding homomers. In heteromers, ASIC1a was the subunit, which was
responsible for the current amplitude, while ASIC2a modified the desensitization, the
recovery, the pH sensitivity and the reaction induced by modulatory agents of the
channels [3].
Heteromeric ASIC channels were also found in dorsal horn neurons of the spinal cord
[104]. ASIC1a, ASIC2a and ASIC2b are highly expressed in dorsal horn neurons andWu
et al. revealed that especially heteromeric ASIC1a/2b carry the acid induced current
of these neurons. The electrophysiological properties of the ASIC1a/2b heteromer
were quite similar to the coexisting ASIC1a homomer [104]. Further studies showed
that also heteromers of ASIC1a/2a are formed in dorsal horn neurons [10]. Based on
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the properties of the currents, they suggested a stoichiometry of two ASIC1a and one
ASIC2a subunit. Activation of the ASIC1a/2a heteromer was five times faster than of
homomeric ASIC1a, which indicates different properties of these channels in dorsal
horn neurons and a different function, for example for high frequency stimulations.
In the peripheral nervous system, different heteromeric compositions of ASICs were
found in dorsal root ganglion (DGR) cells [63]. ASIC3 is specifically expressed in
DRG cells and can form heteromers with ASIC2b, with characteristically different
channel properties than their relative homomeric subunits. ASIC2b/3 shows a biphasic
current, with an initial transient Na+ selective current and followed by a non selective
sustained current [63]. Additionally, ASIC3 is suggested to be the sensor for acid
induced cardiac pain, when coexpressed with ASIC2b [95] or ASIC2a [47]. Therefore,
ASIC3 can be a useful therapeutic target for treating angina pectoris and ischemic
pain.
The large variety of heteromeric ASICs in the brain and in the peripheral nervous
system implies the importance of knowing their exact stoichiometry. Different ASIC
subunits and their heteromers show distinct proton activated behaviour. Therefore the
composition of the subunits in a heteromer can dramatically affect the currents and
ASIC-induced neuronal signaling. Significant influences in physiology and pathophysi-
ology by the specific composition of ASIC homomers and heteromers can be deduced.
Already small changes in proton gated currents alter sensory transduction [74, 75, 19].
Some pathological conditions might also change ASIC expression levels, which would
affect the expression of heteromeric channels and therefore their behaviour in the
brain. Studies revealed that ischemia increased the expression of ASIC2a [52], which
influences the pH sensitivity for heteromers composed of ASIC1a and ASIC2a.
Potential drugs and modulatory agents target specific ASIC subunits and bind at
subunit interfaces of the trimer [7, 31, 6]. For the development of useful drugs, the
exact stoichiometry and the composition of amino acids located in the binding interface
have to be known, which points to the necessity to investigate the stoichiometry of
ASICs in the central and peripheral nervous system.
3.8 Goals and scientific questions of the thesis
Our current research interest concentrates on ASICs, which play a physiological and
pathophysiological role. The knowledge of its gating mechanism makes it a potent
therapeutical drug target.
The goals of this thesis are:
• to investigate the interaction between conserved amino acids during the different
gating conformations of rASIC1a in molecular detail.
• to reveal the stoichiometry of ASIC1a/2a heteromers.
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These findings will contribute to the understanding, whether a salt bridge between
two conserved histidines and an aspartate of an adjacent subunit during the different
conformations of ASIC is crucial for proper gating. Furthermore, the knowledge
of the exact composition of subunits in the heteromer can support the finding of
new therapeutical drugs. Ligands often bind at subunit interfaces, therefore for the
development of new drugs the exact molecular surrounding in this interfaces has to be
known, which depends on the stoichiometry of the heteromer.
4 Materials and Methods
4.1 Molecular biological methods
One main method for manipulation of DNA is the polymerase chain reaction (PCR),
with which for example mutations can be inserted into a given template DNA. This
mutated DNA can be cultivated in E. coli cells by transformation. The transformed
DNA can be used for synthesis of RNA. For all our constructs we used rASIC1a and
rASIC2a in the vector pRSSP6009 as the template DNA.
4.1.1 Site-directed mutagenesis
We inserted point mutations by site-directed mutagenesis. Short primers of DNA (∼
30 bp), which contained the desired point mutations, were synthesized. Site-directed
mutagenesis was carried out with the “QuikChange II Site-directed mutagenesis Kit”
(Stratagene, USA). In the PCR the complementary primer DNA, which carries the
desired mutation, hybridizes with the template DNA and is extended by a proofreading
polymerase with dNTPs (figure 4.1).
The PCR product contains the methylated template DNA and the unmethylated
mutated DNA. Digestion of the methylated DNA was carried out by the restriction
enzyme Dpn I (New England Biolabs, Germany), which was added to the PCR product
for 90 min at 37 °C. After digestion, the enzyme was denaturated in a heating block
at 80 °C for 20 min. The nicked mutated DNA of the PCR product was repaired by
transformation in competent TOP10 E. coli cells.
For PCR reaction, the T 3000 thermocycler (Biometra, Germany) was used. Schematic
pipetting protocol for QuikChange mutagenesis is indicated in table 4.1 and the proto-
Thermocycling Digestion 
with Dpn I Transformation
Primer with 
desired mutation
 DNA
E. coli cells
Figure 4.1: Scheme for the QuikChange site-directed mutagenesis method. Adapted
from the QuikChange site-directed mutagenesis instruction manual of Strata-
gene.
23
4.1 Molecular biological methods 24
col for the PCR reaction in table 4.2.
substance amount/µl
5x KAPA Hifi polymerase buffer 10
template DNA (10 ng) 1
dNTPs (10mM/µl) 1
forward primer (10 pmol/µl) 1
reverse primer (10 pmol/µl) 1
KAPA Hifi polymerase (1U/µl) 1
ddH2O 35
Table 4.1: Pipetting scheme for site-directed mutagenesis. Solution was adjusted to a
total volume of 50µl.
step time/sec temp./°C
Initial Denaturation 180 98
Denaturation 45 98
Annealing 45 78
Elongation 180 72
Final Extension 300 72
Table 4.2: Protocol for PCR reaction. PCR was carried out with 25 cycles of denatura-
tion, annealing and elongation.
4.1.2 Transformation of DNA in TOP10 E. coli cells
Amplification of cDNA was carried out in competent TOP10 E. coli cells by transfor-
mation. For transformation, 2 µl of cDNA was transferred into tubes of TOP10 E.
coli cells and incubated on ice for 30 minutes. After incubation, E. coli was stressed at
42 °C for 45 seconds and cooled down again on ice for 2 minutes. 400 µl of LB media
(table 4.3) were added to the tube and incubated in a shaking incubator for one hour
at 37° C at 220 rpm.
Afterwards the tubes were centrifuged for 5 minutes at 5000 rpm. For a higher
substance amount
Tryptone 10 g
Yeast extract 5 g
NaCl 10 g
Table 4.3: Solution for LB media. All substances were mixed in 1 liter of ddH2O and
pH was adjusted with NaOH to 7.5. Sterilization by autoclaving.
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concentration of cells, most of the supernatant was removed, nearly 370 µl, and the
rest of the pellet was resuspended. 50µl of the suspension was transferred onto agar
plates (table 4.4), which were warmed to 37 °C. Agar plates contained ampicilin for
selective growth of E. coli cells.
The agar plates were incubated at 37 °C for 15 hours, which lead to a growth of
ampicilin resistant colonies of bacteria. Single colonies were picked and incubated in
a mixture of 3ml LB media and 3µl of ampicilin for 15 hours at 37 °C and shaked
at 220 rpm. The cDNA extraction of E. coli was carried out with the “High Pure
Plasmid Isolation Kit” (Roche, Switzerland), following the instructions. Finally, the
concentration of the cDNA was determined and a probe of the DNA was send for
sequencing to MWG-Biotech, Germany.
substance amount
Agarose 15g
Ampicilin (100g/l) 1 ml
Table 4.4: Solution for agar plates. Agarose was dissolved in 1 liter of LB media. Steril-
ization was done by autoclaving and ampicilin was added after cooling.
4.1.3 Synthesis of cRNA
The cDNA was transcribed into cRNA for injection of oocytes. The plasmid vectors
were linearized with the enzyme Nae 1 (New England Biolabs, Germany) for ASIC1a
wild type and mutants and Mlu I (New England Biolabs, Germany) for ASIC2a. The
digestion of the cDNA by the enzymes was carried out in a shaking incubator (37 °C,
2 hours, 220 rpm). The linearized DNA was purified with the “DNA Clean and
Concentrator Kit” (Zymo Research, Germany) by following the instructions of the
manufacturer. Synthesis of capped RNA was executed with the “SP6 mMessage mMa-
chine Kit” (Ambion, USA) and RNA purified with the “RNA Clean and Concentrator
Kit” (Zymo Research, Germany). The concentration of the synthesized RNA was
determined and diluted with DEPC H2O to a concentration of 400 ng/µl. The cRNA
was stored in aliquots at -80 °C.
4.1.4 Surface expression of ion channels in oocytes
The expression on the oocyte surface of ASIC1a and the mutants H72CD78C and
H73CD78C was determined with a bioluminescence assay. A HA epitope was inserted
into the extracellular loop of ASIC1a and the mutants. The cRNA of these HA-tagged
ion channels was injected into oocytes, which were incubated 48 hours at 19 °C for
ion channel expression. The follicular layer was manually removed from each oocyte
with forceps. The oocytes were kept on ice during the whole preparation for the
bioluminescence assay.
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substance amount
NaCl 96 mM
MgCl2 2 mM
KCl 2 mM
CaCl2 1.8 mM
HEPES 5 mM
Table 4.5: Recipe for ND96 solution. All substances were mixed in ddH2O and adjusted
to pH 7.4 with NaOH.
Oocytes were incubated in media of ND96 (table 4.5) and 1% BSA to avoid unspecific
binding for 45 min. After the incubation in a media of ND96, 1% BSA and 0.5µg/ml
of rat monoclonal anti-HA antibody (3F10, Roche, Switzerland) for 60 minutes, they
were washed six times with ND96 and 1% BSA. The incubation with the secondary
antibody (2 µg/ml, goat anti-rat Fab fragments, Jackson ImmunoResearch, USA) in
ND96 and 1% BSA followed for 60 minutes.
Afterwards oocytes were washed four times with ND96 and 1% BSA and three
times with ND96. Healthy looking oocytes were incubated several minutes in a
luminescence solution (Thermo Scientific Femto ECL, Thermo Fischer Scientific Inc.,
USA) and placed individually in wells. Luminescence was detected in a Berthold
Orion II luminometer (Berthold detection systems, Germany) for 3 seconds. Surface
expression of oocytes was quantified as RLUs per second per oocyte.
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4.2 Electrophysiological Methods
For electrophysiological characterization of the ion channels, the two-electrode voltage-
clamp and the patch-clamp technique were used. These techniques measure the ion
currents through the membrane of the cells.
The two-electrode voltage-clamp technique was introduced by Cole and Curtis in
the 1940s [67, 24]. It measures the sum of currents through all single ion channels in
the plasma membrane. This technique uses a negative feedback system to control the
potential difference across the membrane. As the name implies, this method uses two
electrodes. One electrode measures the internal potential of the cell and the second
electrode injects the current to clamp the membrane potential to the desired holding
potential [24].
The patch-clamp technique was invented in the 1970s by Neher and Sakmann [66].
This technique gives the possibility to measure single channel currents throughout a
patch of a membrane of a cell. By this method one electrode is used, which is not
directly inserted into the cell like in two-electrode voltage-clamp measurements, but is
sealed onto the surface of the cell. Thus, just the ion channels of a small area, the so
called patch, will be measured and even the measurement of the current of a single
channel is possible. Just one electrode will control the potential and additionally
measure the current of the ion channel [66].
In this thesis all electrophysiological measurements were done on Xenopus laevis
oocytes.
4.2.1 Preparation and Injection of oocytes
Ovaries with oocytes (Stage V to VI [35]) of adult Xenopus laevis were surgically
removed (figure 4.2). Removal was done under anesthesia of the frog. The frogs were
operated several times, with an at least three months period of recovery between
surgeries [41]. The ovaries were put into OR-2 solution (see chapter 4.2.4) and opened
manually with forceps, so that the oocytes were directly in contact with the solution.
To remove the follicular layer, oocytes were treated enzymatically with collagenase
type II (Worthington, 340u/mg) in OR-2 solution (3mg/ml, 60 minutes).
During the treatment, the petri dish was moved gently. As soon as the oocytes
were separated enzymatically, they were washed carefully for TEVC measurements
with OR-2 solution. To stop a further digestion by the collagenase, which requires
calcium containing solutions, the oocytes for patch-clamp experiments were washed in
calcium-free Barth medium. Healthy looking oocytes were sorted for RNA injection.
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Xenopus laevis
Stage V-VI oocytes
Figure 4.2: Surgically removed oocytes from Xenopus laevis. Frog was anesthetized
and kept on ice during surgical removal of oocytes. For experiments oocytes
from stages V to VI were used. Just healthy oocytes were picked for measure-
ments, which have a dark brown animal pole and a yellow vegetal pole. Light
dots on the black pole indicate slowly dying oocytes, which were avoided for
injection and measurements.
The oocytes were injected with cRNA. For volumes and concentrations see chapter
4.2.5. For injection, capillaries (World Precision Instruments) were pulled with an
automatic puller (Flaming/Brown Micropipette Puller Model P-97, Sutter Instrument
Co.). They were manually cut, to enlarge the tip diameter. The capillary was filled with
paraffin oil and mounted onto an injector (World Precision Instruments, Drummond
Nanoject II Automatic Nanoliter Injector) and an adequate amount of cRNA was
sucked into the capillaries.
The oocytes were placed one by one into a petri dish with holes, to get them fixed.
After the injection of the oocytes they were stored for one to four days in an incubator
at 19 °C. During incubation, the OR-2 solution was changed every day and unhealthy
looking oocytes were manually removed. For patch-clamp measurements the follicular
layer, if not removed fully by collagenase treatment, and the vitelline membrane were
taken off with forceps immediately before the measurements.
4.2.2 Two-electrode voltage-clamp setup
Two glass pipettes, borosilicate capillaries with filament (1.05mm I.D., 1.5mm O.D.)
were pulled with an automatic puller (Flaming/Brown Micropipette Puller Model
P-97, Sutter Instrument Co.) and filled with 3MKCL solution, to get an electrical
contact to the inserted chlorinated silver wire. The fine tips of the glass pipettes were
inserted into the oocytes. The holding potential was set to -70mV.
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The whole cell currents were recorded with a TURBO TEC-03X amplifier (npi
electronic, Germany) using the automated fast perfusion system Screening Tool (npi
electronic, Germany). The solution exchange was managed by the program Robosoft
1.0. For data acquisition CellWorks 5.5.1 (npi electronic, Germany) was used.
4.2.3 Patch-clamp setup
The patch pipettes, borosilicate capillaries (0.94mm I.D., 1.2mm O.D.), were pulled
with a DMZ-Universal Puller and filled with patch pipette solution (see chapter 4.2.4).
The recordings of currents from excised outside-out patches were made with the EPC
10 amplifier (HEKA, Germany), which has an integrated AD/DA converter. A fast
perfusion exchange, which is faster than 2ms [13], was managed by double barreled,
borosilicate glass capillaries (0.6 I.D., 1.2 O.D.) mounted onto a piezo driven application
system (figure 4.3). The piezo amplifier, Piezoverstärker 96, was custom-built by the
Institute of Physiology in Tübingen.
amplifier
bath electrode
cell
double barrel
patch pipette
7.4
6.0
Figure 4.3: Patch-clamp setup. Excised outside-out patches of oocytes are superfused
with different pH solutions by a piezo-driven application system, which guar-
antees a solution exchange faster than 2 ms [13]. A double barrel is filled with
two different pH solutions and placed in front of the patch.
4.2.4 Solutions for two-electrode voltage-clamp and patch-clamp measurements
Different solutions were needed for two-electrode voltage-clamp and patch-clamp
measurements. Oocytes were incubated in OR-2 solution for expression of ion channels
(table 4.6).
4.2 Electrophysiological Methods 30
substance [subst.] / mM
NaCl 82.5
KCl 2.5
Na2HPO4 1.0
HEPES 5.0
PVP 0.5g/l
MgCl2 1.0
CaCl2 1.0
Pen-Str. 10 ml/l
H2O
Table 4.6: OR-2 solution. pH 7.3 was adjusted with 1M NaOH.
Bath solutions for TEVC measurements are indicated in table 4.7. For solutions
with low calcium concentration of 0.3mM and 0.1mM, flufenamic acid was added to
the bath solution to block conductances induced by endogenous channels, which are
activated by low calcium concentrations. pH was adjusted with 1mM NaOH.
substance [subst.] / mM
NaCl 140
CaCl2 1.8
MgCl2 1.0
HEPES/MES 10
Table 4.7: Standard bath solution. pH was adjusted with 1mM NaOH. For solutions
with pH≥ 6.6, HEPES buffer was used. HEPES buffer was replaced by MES
buffer, if pH< 6.6.
Ingredients of the patch pipette solution are listed in table 4.8. pH was adjusted
with 1mM KOH instead of NaOH.
substance [subst.] / mM
KCl 140
MgCl2 2.0
EGTA 5.0
HEPES 10
Table 4.8: Patch pipette solution. pH 7.4 was adjusted with 1mM KOH.
The thiol-reactive reagents MTSES (Anatrace, USA), MTSET (Anatrace, USA)
and MMTS (Sigma-Aldrich, USA) were solved in bath solutions to obtain the desired
concentration of 1mM. Because of the short half life of MTS reagents in basic solutions,
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aliquots were prepared and kept on ice if not in use. Every 20 minutes a new aliquot
with the desired concentration was used.
Disulfide bond trapping was performed with bath solutions containing 0.3% H2O2
(Merck Millipore, Germany) to trap the channel by disulfide bond formation. Disulfide
bonds were reduced with 10mM DTT (AppliChem, Germany) added to the bath
solution.
4.2.5 Volumes and concentrations of injected cRNA
For sufficient expression of ion channels, the RNA was injected in different concentra-
tions depending on the mutation or the method used. RNA was injected in a volume of
40 nl per oocyte. For the measurement of tagged and untagged ASIC1a/2a heteromers,
we used different ratios of RNA to express functional heteromers (table 4.9).
ASIC construct ng / oocyte
ASIC1a 0.032
ASIC2a 1.6
GFP-ASIC1a 0.16
GFP-ASIC2a 1.6
ttCherry-ASIC1a 16
ttCherry-ASIC2a 16
ASIC1a/ASIC2a 0.064/0.32
ASIC1a/GFP-ASIC2a 0.08/0.8
GFP-ASIC1a/ASIC2a 0.064/0.64
ttCherry-ASIC1a/GFP-ASIC2a 8/0.08
GFP-ASIC1a/ttCherry-ASIC2a 0.0064/8
Table 4.9: Injected amount of RNA for tagged and untagged ASICs. ASICs were
injected in different ratios to get a functional heteromeric ion channel. Injection
of RNA was in a total volume of 40 nl per oocyte.
The injected concentrations of RNA for the double-mutant cycle analysis can be seen
in table 4.10. For patch-clamp measurements, disulfide-bond trapping, charge reversal
and swap mutants and the bioluminescence assay, we used undiluted concentrations of
RNA (16 ng per oocyte) for sufficient current amplitudes or surface expression levels.
Modification of ion channels by thiol-reactive reagents were performed on rASIC1a
carrying a cysteine by leucine substitution at position 70. Previous studies showed that
thiol-reactive reagents applied onto mASIC1a significantly reduced the current of the
wild type [69]. We inserted a mutation of leucine at position C70 into rASIC1a to avoid
this reduction of current, which we have seen at wild type rASIC1a. Concentrations
of injected RNA for C70L and its respective mutants are shown in table 4.11.
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ASIC construct ng / oocyte
ASIC1a 0.032
ASIC1a-H72A 0.032
ASIC1a-H73A 0.064
ASIC1a-D78A 0.064
ASIC1a-H72AD78A 1.6
ASIC1a-H73AD78A 0.032
Table 4.10: Injected amount of RNA for two-electrode voltage-clamp measure-
ments. Injection of RNA was in a total volume of 40 nl per oocyte.
ASIC construct ng / oocyte
C70L 0.32
C70LH72C 0.8
C70LH73C 8
C70LD78C 8
Table 4.11: Injected amount of RNA for measurements with thiol-reactive reagents.
Injection of RNA was in a total volume of 40 nl per oocyte.
4.2.6 Analysis of the data
The data from TEVC measurements were recorded with Cellworks 5.1.1 (npi electronic,
Germany) with a sampling rate of 100 - 500Hz. For the recordings of the patch clamp
measurements the software PULSE 8.65 (HEKA, Germany) was used. The sampling
rate was 3.3 kHz.
Exponential and sigmoidal curve fitting was done with IGOR Pro 5 (Wave Metrics,
USA). For statistical analysis the Student’s t-test in Microsoft Excel 2008 was used.
The results are illustrated as means ± SEM.
All measurements were recorded at room temperature with a holding potential of
-70mV. Oocytes from at least two different batches of different frogs in two weeks were
used for each kind of experiment. The graphs and figures were prepared with Adobe
Illustrator and Inkscape.
Concentration-Response Curves
Concentration-response curves were fitted with a single Hill equation
I(x) = a+ (Imax − a)/(1 + (xhalf/x)nHill), (4.1)
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or with the sum of two Hill equations, if indicated:
I(x) = A · (a+ (Imax − a)/(1 + (xhalfA/x)nHillA)) (4.2)
+B · (a+ (Imax − a)/(1 + (xhalfB/x)nHillB )). (4.3)
I(x) represents the current depending on the concentration of the ligand x. The
variable a stands for the residual current, Imax is the maximal normalized current,
xhalf is the concentration of the ligand, at which the half-maximal activation appears
and the Hill coefficient is indicated by nHill. A and B are the relative fractions of
the two components of the current, with A+B = 1. The value for the half-maximal
activation EC50 was calculated as −log(xhalf).
Time constants
The time constants for the desensitization, activation, deactivation and recovery of
the ion channels, were determined by fitting the currents with a mono exponential
function
y(x) = y0 +A · exp
(−x
τ
)
, (4.4)
where y(x) represents the current depending on the instant of time x. The variable y0
stands for the initial value of y(t = 0), A is the amplitude of the current and τ the
time constant.
Double-Mutant Cycle Analysis
The double-mutant cycle analysis is a mathematical approach to determine coupling
energies ∆G of protein residues which interact inter-, or intramolecularly via for
example building a salt bridge [49].
For this approach the two investigated amino acids, which might interact, are
mutated individually and together into alanine. The mutation into alanine assures
that the side chain of the mutated residue does not cause any other interaction (ionic
interactions, hydrogen bonds, van-der-Waals interactions). The coupling energy ∆G
can be calculated as
∆G = −RT · ln xWT
xMut
, (4.5)
with R as the ideal gas constant (1.99 cal/mol K) and T as the absolute temperature
(296K). The variable x implies the different time constants (activation, deactivation,
desensitization, recovery) or the value for the half-maximal activation.
If the sum of the coupling energy of the two single mutants is equal to the value of
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the coupling energy of the double mutant,
∆G = −RT · ln xWT
xMut1,2
= −RT · ln xWT
xMut1
+ (−1) ·RT · ln xWT
xMut2
, (4.6)
than the residues one and two are not coupled to each other transiting from one state
to another. Transformation of equation 4.6 leads to
∆∆G = −RT · ln xMut1 · xMut2
xMut1,2 · xWT . (4.7)
If ∆∆G is smaller than zero, than the two residues interact with each other by building
a salt bridge, if transiting from one state to another. This leads to an energetically
favourable contribution to the stability of the structure of the protein. The energetical
contribution is destabilizing if ∆∆G is larger than zero.
The experimental errors for the coupling energies were calculated using a linear
error propagation, which states that for a given function y(x1, x2 . . .) with several
independent parameters x1, x2, . . .and small errors |∆xi|, the error is calculated as
∆y = ∂y
∂x1
·∆x1 + ∂y
∂x2
·∆x2 + . . . . (4.8)
Therefore the error for the coupling energies is calculated as
F (∆∆G) = −RT · (∆xMut1
xMut1
+ ∆xMut2
xMut2
− ∆xWT
xWT
− ∆xMut1,2
xMut1,2
). (4.9)
The variables ∆xy indicate the standard error of the mean for the corresponding time
constants and EC50 values. The cutoff for an energetically favourable contribution
was set to -0.4 kcal/mol, due to the hydrophilic surrounding of the interacting amino
acids (see chapter 5.1.6).
4.3 Homology Modeling
Homology modeling is used to predict three dimensional models of unknown structures
of proteins. Homology modeling is often referred to as “comparative modeling", because
homologous structures indicate related functions of the proteins, which does not have
to be the case to model a protein [61].
The method of homology modeling uses similarities in the sequences between proteins
to build a three dimensional structure. Chotia and Lesk found that in structures
with over 50% sequence identity, 90% of the matching residues are localized in so
called “common cores", areas of the active centres of the proteins. In proteins with a
sequence identity of around 20%, 42% to 98% of the matching residues are located
in the “common cores” [23]. Accordingly, homology modeling with such a sequence
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identity can give first insights into the three dimensional structure, especially of the
active centres of a protein.
The three dimensional homology model of rASIC1a was built with the software
MODELLER 9.12 [85]. The sequence alignment was done with the primary sequences
of rASIC1a and cASIC1. The crystal structure of cASIC1 (PDB-ID: 2QTS), resolved
with a resolution of 1.9Å[51], was used as a template for homology modeling for
rASIC1a in the desensitized conformation and of cASIC1 at pH 5.5 (PDB ID: 4FZ0)
for the open conformation. Several models were generated and evaluated by the DOPE
score, to find the model with the lowest potential energy.
For validation of the chosen model, the dihedral angles of the amino acids were
checked by visualizing a Ramachandran plot [79]. A Ramachandran plot shows the
dihedral angles φ and φ’ of the backbone of a protein, which have favored and allowed
regions for secondary structures like α-helices or β-sheets (figure 4.4). These values are
derived from the comparison of the dihedral angles of crystal structures [79]. Therefore,
this plot is often used to validate a modeled structure.
For a last evaluation of the homology model, the modeled structure was checked with
the software PROCHECK v3.5 [60]. PROCHECK analyzes the stereochemical qualities
of a given model. The homology model is compared by stereochemical parameters,
like bond lengths and angles or main chain and side chain properties. The output of
the software PROCHECK gives listings of residues, which have to be checked before
working further with the modeled protein structure.
The creation of the homotrimer of rASIC1a was performed with the software PyMol
[87]. For this, each subunit of rASIC1a was aligned onto the subunits of the crystal
structure of cASIC1a.
4.3 Homology Modeling 36
β -sheet
right handed
α-helix
left handed
α-helix
Figure 4.4: Favored and allowed regions of the dihedral angles φ and φ’ in a protein
structure. The allowed regions are defined by a solid line and the outer limits
of these favored regions are represented as dashed lines. Some conformations
of crystallized structures of simple peptides, polypeptides and proteins are
indicated in the picture. Adapted from [79] with updated labels.
5 Results and Discussion
5.1 Salt bridge formation between subunits during gating of rASIC1a
The activation and gating mechanism of ASICs is incompletely understood at present.
The aim of this study was to investigate the formation of salt bridges between the
conserved amino acids H72, H73 and D78 of an adjacent subunit in different states of
rASIC1a. These results give insights whether their interaction is essential for gating
and whether interactions of these amino acids occur due to structural rearrangements.
5.1.1 Possible interaction of H73 and D78 predicted by a homology model of
rASIC1a
To estimate the distance between histidines H72/H73 and D78 of an adjacent subunit in
rASIC1a, a homology model of rASIC1a was prepared, based on the crystal structure of
the desensitized state of cASIC1 (PDB ID: 2QTS). To validate and evaluate the model,
a PROCHECK analysis was performed [60]. The results of the analysis revealed
a structure of an overall satisfying quality. The Ramachandran plot in figure 5.1
demonstrates that 92.9% of the amino acids are lying in most favoured regions. In
allowed regions and generously allowed regions are 6.4% and 0.4% of the amino acids,
respectively. Just one amino acid is lying in a disallowed region (0.2%). This amino
acid, L512, is located at the C-terminal end of the structure, which explains the
unfavourable orientation of its dihedral angles. Due to statistics of Ramachandran
plots, models are judged as structures with good qualities, if more than 90% of the
amino acids are lying in most favoured regions and only 0.5% in disallowed regions.
Therefore, the homology model is of good quality.
The model of rASIC1a revealed the close position of H73 and D78 in the desensitized
state with a distance of 3.1Å between the oxygen atom of the side chain of D78 and
the amino group in the imidazole ring of H73 (figure 5.2). According to this homology
model, H73 and D78 can interact with each other in the desensitized state by building
a salt bridge.
In contrast, the distance of 9.4Å between the oxygen atom and the amino group
of the side chains of H72 and D78, respectively, is too large for formation of a salt
bridge. Additionally, we prepared a homology model of rASIC1a based on the crystal
structure of the open conformation of cASIC1 (PDB ID: 4FZ0). The homology model
revealed small differences of the distances between H72/H73 and D78 of around 1Å
(data not shown) compared to the homology model of the desensitized conformation.
37
5.1 Salt bridge formation between subunits during gating of rASIC1a 38
B
A
L
b
a
l
p
~p
~b
~a
~l
b
~b
b
~b
~b
-180 -135 -90 -45 0 45 90 135 180
-135
-90
-45
0
45
90
135
180
Ramachandran Plot
t659 
Phi (degrees)
Psi
 (d
egr
ees
)
HIS 28 
ASP 296 
LEU 512 
-180 180
180
135
0
-
-
-135
-135 - -45 9 135
Phi (degre s)
Ph
i' (
de
gre
es
)
Ramachandran Plot: rASIC1a
L
Figure 5.1: Ramachandran plot of one subunit of the homology model of rASIC1a.
The most favoured regions are indicated as A, B and L. Additionally, allowed
regions (a, b, l, p) and generously allowed regions (∼ a, ∼ b, ∼ l, ∼ p) are
denoted in the figure.
Due to these small differences in both homology models, we considered both models to
have the same distances between H72/H73 and D78 in the open and the desensitized
conformation.
Nevertheless, a study revealed the importance of both histidines (H72 and H73) for
H+ sensing. Mutations of both histidines together but not of individual histidines lead
to nonfunctional channels [71]. An interaction between H72 and D78 is still possible in
different conformations of the channel due to possible structural rearrangements around
this area. To clarify this hypothesis and the possibility of salt bridge interactions
between H72/H73 and D78 in different states of rASIC1a, we used the method of the
double-mutant cycle analysis for further investigation.
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H73
D78
3.1Å
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Figure 5.2: Homology model of rASIC1a in the desensitized state. Each subunit of
the rASIC1a homomer is colored differently. The close-up view shows the
amino acids H72, H73 and D78 in stick representation. Dashed lines indicate
the distance between the histidines and D78 of an adjacent subunit.
5.1.2 Energetical contributions of salt bridges to different conformations of the
channel
The coupling energies of interacting residues can be calculated by a mathematical
approach, the double-mutant cycle analysis. By experimentally determining the value
for the apparent affinity to protons and the time constants of activation, deactivation,
desensitization and recovery, the stabilizing or destabilizing energetical contribution
of interacting amino acids during the transition to different conformations can be
calculated.
Stabilizing contribution of a salt bridge between H73 and D78 to ligand binding
To test the energetical contribution of possible salt bridges between H72/H73 and D78
to ligand binding, we measured pH response relationships by using the two-electrode
voltage-clamp on Xenopus oocytes. The pH response curves for ASIC1a, the single
mutants H72A, H73A, D78A, and the double mutants H72AD78A and H73AD78A
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Figure 5.3: Stabilizing contribution of the salt bridge between H73 and D78 to lig-
and binding. (A,B) Left panels: pH response curves of single and double
mutants used for double-mutant cycle analysis. Lines represent fits to the Hill
function. Right panels: Double-mutant cycle analysis based on EC50 values
suggests that a salt bridge between H73 and D78 stabilizes the conformation
after ligand binding (bottom).
revealed that H72A was the only mutant that slightly shifted the pH response curve
to more basic pH values by 0.3 pH units, while all other mutants shifted it to more
acidic pH values by 0.3 to 0.5 pH units (figure 5.3). Values for half-maximal activation
for wild type and each mutant are listed in table 5.1.
The coupling energy between H72 and D78 during ligand binding as calculated by
double-mutant cycle analysis was ∆∆G(EC50) = +0.1± 0.1 kcal/mol (figure 5.3 and
table 5.2), but this value lies under the chosen threshold of ∆∆G = −0.4 kcal/mol
for interacting residues, so that we did not consider this interaction as energetically
contributing to ligand binding. In contrast, the coupling energy between H73 and D78
with a value of ∆∆G(EC50) = −0.4± 0.0 kcal/mol indicates a stabilizing contribution
to ligand binding.
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EC50 τDes/s τRec/s τAct/ms τDeact/ms
ASIC1a 6.8± 0.1 (10) 1.6± 0.1 (8) 9.0± 1.6 (7) 1.9± 0.5 (4) 4.6± 0.9 (4)
D78A 6.4± 0.1 (10) 1.1± 0.0 (10) 6.3± 0.4 (7) 3.3± 1.5 (3) 10.0± 3.4 (3)
H72A 7.1± 0.1 (10) 3.1± 0.4 (8) 7.9± 1.2 (8) 3.6± 0.8 (4) 9.4± 0.7 (4)
H73A 6.4± 0.0 (10) 1.1± 0.1 (7) 7.7± 1.5 (6) 4.3± 1.2 (5) 2.8± 0.6 (5)
H72AD78A 6.5± 0.1 (10) 1.1± 0.1 (10) 7.4± 1.0 (8) n.d. n.d.
H73AD78A 6.3± 0.0 (10) 1.0± 0.0 (8) 5.4± 0.8 (7) 5.0± 1.5 (4) 4.7± 1.0 (4)
Table 5.1: Experimentally derived values for kinetics and ligand-binding. The values
for pH of half-maximal activation (EC50) and the time constants for desen-
sitization (τDes), recovery (τRec), activation (τAct) and deactivation (τDeact)
of ASIC1a and its respective mutants are listed. Data represent mean±SEM.
Number n of individual oocytes is indicated in brackets.
∆∆G (EC50) ∆∆G (τDes) ∆∆G (τRec) ∆∆G (τAct) ∆∆G (τDeact)
H72 D78 +0.1± 0.1 -0.4±0.0 +0.2± 0.1 n.d. n.d.
H73 D78 -0.4±0.0 +0.2± 0.0 +0.0± 0.0 −0.3± 0.1 −0.2± 0.1
Table 5.2: Coupling energies of transitions to different conformations Energies de-
rived from double-mutant cycle analysis for interactions between H72 and D78,
and H73 and D78, respectively. Bold values lie at the cutoff of -0.4 kcal/mol.
Errors calculated by linear error propagation. All coupling energies in kcal/mol.
Energetical contributions of interactions between H72, H73 and D78 to different
conformations of the channel
We then determined the time constants of activation, deactivation, desensitization
and recovery (figure 5.4). The time constant of desensitization for ASIC1a and the
corresponding mutants was obtained by a single exponential fit to the desensitization
phase of the current at pH 5.5, determined by whole-oocyte measurements (figure 5.5
A).Time constants of desensitization of the mutants were significantly different from
wild type (p<0.01, Student’s t-test), with H72A having a slower time constant than
wild type and the other mutants a faster time constant (see table 5.1). The calculation
of the coupling energies based on the time constants of desensitization revealed a
stabilizing contribution of ∆∆G(τDes) = −0.4±0.0 kcal/mol of the interaction between
H72 and D78 to desensitization. Unexpectedly, the interaction between H73 and D78
was below the threshold (∆∆G(τDes) = +0.2±0.0 kcal/mol). The interaction between
H73 and D78 in the desensitized conformation is predicted by the homology model, but
double-mutant cycle analysis suggests no energetical contributions to desensitization.
Using a piezo-driven application system, we determined the time constants of
activation and deactivation. Excised outside-out patches of Xenopus oocytes were
rapidly activated with pH 6.0 and deactivated within 2ms (see figure 5.5 B). Rapid
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O H+ H+D
τAct
τDeact
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Figure 5.4: Kinetic scheme illustrating the different states of ASICs. The closed
state (C) can be proton (H+) -bound or -unbound. The open and desensitized
states are denoted as O and D, respectively. The time constants characterize
different transitions and are indicated as τ for the activation (Act), deacti-
vation (Deact), desensitization (Des) and recovery (Rec) of the channel, re-
spectively. The scheme is likely an oversimplification, as it does not take into
account the existence of multiple closed states, for example.
solution exchange was necessary to avoid that the channel transits into the desensitized
state. The time constants were obtained by a single exponential fit to the rising
or declining phase of the current, respectively. Time constants for activation of all
mutants were slower than for wild type (in the range of 3.3 - 5.0ms). Interestingly,
time constants for deactivation of H73A and H73AD78A were just slightly different
compared to wild type, but those of H72A and D78A were two times slower (table 5.1).
The current of the mutant H72AD78A was too small to obtain satisfying exponential
fits (I< 50 pA) and therefore no time constants for activation and deactivation could
be determined (table 5.1 and 5.2).
The coupling energies for the interaction between H73 and D78 were negative
for both transitions with ∆∆G(τAct) = −0.3 ± 0.1 kcal/mol for the activation and
∆∆G(τDeact) = −0.2 ± 0.1 kcal/mol for the deactivation, suggesting a stabilizing
contribution to the protein structure. The values lie under the chosen threshold of
∆∆G = −0.4 kcal/mol for interacting residues and, thus, we did not take these energy
values into account. They may still indicate a tendency that the interaction between
H73 and D78 stabilizes activation and deactivation.
The coupling energy of the interaction between H72 and D78 could not be calculated,
because time constants could not be determined for H72AD78A.
The recovery of the channel was determined from whole cell recordings of Xenopus
oocytes. The channels were repeatedly activated with pH 6.0 with an increasing time
of recovery (5, 10, 15, 25, 50 and 100 sec) at conditioning pH 7.4 (see figure 5.5 C).
5.1 Salt bridge formation between subunits during gating of rASIC1a 43
B
A
pA
 1
00
 p
A
1 s
pH: 6.0 6.06.0
ASIC1a
pA
 
6.9 6.8 6.7 6.5 6.3 6.0 5.5pH:
 1
 μ
A
100 s
ASIC1a
 1 μA
10 s
C
pH: 6.0
ASIC1a
0 2 4 6 8 10 12 14
0.6
0.7
0.8
0.9
1.0
time/sec
I/I
m
ax
 0
.5
 μ
A
50 s
100 pA
0.1 s
Figure 5.5: Representative current traces for the determination of time constants.
A pH response relationship of ASIC1a determined from whole cell recordings.
Desensitization time constant derived from an exponential fit at pH 5.5 (red
curve). B Determination of activation and deactivation time constants de-
rived from measurements with a piezo-driven application system on excised
outside-out patches. Solution exchange was complete within 2ms [13]. Time
constants determined by a fit to an exponential function (red curves). C Left
panel : Whole cell recordings of ASIC1a for determination of the time constant
of recovery. Channel was repeatedly activated with pH 6.0, with an increasing
time of recovery at pH 7.4. Right panel : Amplitudes were normalized to the
maximal amplitude during recovery (fourth application). The overall decline in
current amplitude is due to tachyphylaxis [20]. Data points were fitted to an
exponential function.
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Recovery was examined with low concentrations of calcium (0.3mM Ca2+), because
with physiological concentrations of calcium, the recovery of ASIC1a is too fast to
be reliably determined [5]. The time constant for recovery was determined from a
fit to the normalized current amplitudes during the period of recovery (figure 5.5
C, right panel). All time constants were faster than for the wild type, which was
τRec = 9.0± 1.6ms (see table 5.1).
The coupling energies for the transition of the desensitized to the closed state between
H72 and D78 were below the chosen threshold for interacting residues (∆∆G(τRec) =
+0.2± 0.1 kcal/mol). No interaction could be seen for H73 and D78 with an energy
equal to zero (table 5.2).
In summary, two coupling energies were above the chosen threshold of −0.4 kcal/mol.
Based on the results of the double-mutant cycle analysis, the salt bridge between H73
and D78 has a stabilizing contribution to ligand binding, while a salt bridge between
H72 and D78 favors desensitization.
5.1.3 Close spatial proximity between H73 and D78 in the closed and the
desensitized state
To further investigate the spatial proximity between H72/H73 and D78 of an adjacent
subunit in different conformations of the channel, we mutated them into cysteines.
H73C
H72C
D78C
7.5 Å
12.0 Å
Figure 5.6: Distance between cysteines inserted in rASIC1a at position H72, H73
and D78. Dashed lines indicate the distance between H72/H73 and D78. In
the desensitized state, H73C and D78C are close enough for the formation of a
disulfide bond.
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We reasoned that cysteines might interact by building disulfide bonds, if they lie close
to each other. A covalent disulfide bond will be build if the distance between the
thiol groups of the cysteines is smaller than 6.4Å to guarantee the exclusion of water
molecules [25, 32]. The distance between the Cβ atoms in already formed disulfide
bonds ranges from 3.4 to 4.6 Å [17]. Based on these constraints, the spatial proximity
between H72, H73 and D78 can be estimated in different states of the channel, whether
they are close enough to interact.
We introduced cysteines at positions 73 and 78 in our homology model of the
desensitized state and checked their distance (figure 5.6). The shorter side chains of
the cysteines reduced the distance between the histidines and the adjacent aspartate
compared to wild type.
Nevertheless, the distance between the cysteines at position 73 and 78 was relatively
close with 7.5Å. We propose that H73C and D78C come closer by nearly 1Å [25, 32]
for the exclusion of water molecules to build a disulfide bond in the desensitized state.
In contrast, the distance between H72C and D78C with 12Å is quite high for formation
of a disulfide bond. Therefore, these amino acids would have to move a long way to
come close enough to form a disulfide bond.
We first tested the formation of disulfide bonds in the closed state of the mutant
H73CD78C by coapplying 0.3% H2O2 for two minutes at conditioning pH of 7.8 (figure
5.7 A). We used pH 7.8 instead of 7.4 to assure that all channels were indeed in the
closed configuration. Treatment of wild type ASIC1a with H2O2 had minimal effects
on the current (figure 5.7 C), which might arise from endogenous cysteines in rASIC1a
or which was due to tachyphylaxis [20]. Compared to the wild type, the current of
the mutant H73CD78C was significantly reduced after application of H2O2 at pH 7.8.
For confirmation that the reduction of current of H73CD78C is caused by a covalent
disulfide bond, we activated the channel again (figure 5.7 A). The reduction of current
of H73CD78C was irreversible, if we did not apply DTT.
The effect was reversed by applying 10mM of the reducing agent DTT for two
minutes at pH 7.8 to H73CD78C (figure 5.7 B). We conclude that the significant
reduction of current is due to the formation of a disulfide bond between H73C and
D78C in the closed state, after application of the oxidizing agent H2O2 at pH 7.8.
We then tested disulfide bond formation in the desensitized state of H73CD78C
by applying H2O2 for two minutes at pH 5.5. This significantly reduced current of
the mutant (figure 5.8), which could be reversed by DTT, suggesting that it arose
from the formation of a disulfide bond between H73C and D78C in the desensitized
state. The application of H2O2 in the open state at the TEVC setup was not possible,
because solution exchange is managed within at least 7 seconds, which is to slow to
catch the channel in the open state.
The mutant H72CD78C was not functional. We performed bioluminescence assays, to
find out whether it was expressed at the cell surface. We tagged ASIC1a, H72CD78C
and H73CD78C with a HA epitope in the extracellular loop of the channels and
performed a bioluminescence assay with anti-HA antibodies (chapter 4.1.4). The
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Figure 5.7: ASIC1a-H73CD78C can be trapped in the closed state by disulfide
bonds. A Representative current trace of wild type ASIC1a and H73CD78C.
Application of 0.3% H2O2 at pH 7.8 strongly reduced current amplitudes of
H73CD78C. The effect could be reversed by treatment with 10mM DTT. B
The effect was irreversible, if DTT was not applied. C Normalized current am-
plitudes of wild type ASIC1a and H73CD78C. Significant reduction of current
indicated by asterisks (** : p<0.01, Student’s t-test).
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Figure 5.8: ASIC1a-H73CD78C can be trapped in the desensitized state by disul-
fide bonds. A Representative current trace of wild type ASIC1a and
H73CD78C. Coapplication of 0.3% H2O2 at pH 5.5 strongly reduced cur-
rent amplitudes of H73CD78C. The effect could be reversed by treatment
with 10mM DTT. B Normalized current amplitudes of wild type ASIC1a
and H73CD78C. Significant reduction of current indicated by asterisks (* :
p<0.05, Student’s t-test).
results revealed a reduced expression for both mutants, with a reduction of 90% for
HA-H72CD78C (figure 5.9). This results indicate that the inserted cysteines strongly
impaired surface expression for H72CD78C.
In summary, the treatment with the oxidizing agent H2O2 and the reducing agent
DTT of the mutant H73CD78C induced changes in channel function. H73CD78C can
be trapped by H2O2 in the desensitized and the closed state of the channel, which
suggests their close spatial proximity in these two states. A formation of disulfide bonds
between H72CD78C could not be investigated, because of the low surface expression
of the mutant in oocytes. Hindrance of channel gating by disulfide bonds between
residues 73 and 78 suggests that these residues move relative to each other during
gating.
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Figure 5.9: Surface expression of ASIC1a, H72CD78C and H73CD78C in Xenopus
oocytes. Expression of HA-tagged channels is represented by bars (n=31-
32). Expression of H72CD78C was strongly reduced compared with wild type.
Untagged channels served as controls. (**: p<0.01, ***: p<0.001, Student’s
t-test.)
5.1.4 No rescue of channel function by charge swap
To further examine the function and the structural rearrangement of H72, H73 and
D78 during gating, we reversed the charges of the amino acids and swapped them in
their position to see whether this rescues the function of the channel (figure 5.10 A-C).
First, we mutated D78 into histidine (D78H). As expected from a previous study
[71], we observed wild type-like behaviour. The double-mutant H72AH73D, where
H72 was changed into the short and neutral amino acid alanine and H73 into the
negative aspartate, was not functional. This was expected, because the mutation of
both histidines in rASIC1a leads to a non functional channel [71].
We then combined the D78H and the H72AH73D substitutions. The triple-mutant
H72AH73DD78H, however, was also not functional, showing that a histidine at position
78 cannot rescue the function if an aspartate is at position 73. We conclude that not
just the protonation of the histidines and their interaction with the aspartate are
important for proper channel function, but also the exact position of the amino acids
in the structure. Besides the protonable side chains of the histidines, the structural
rearrangements induced by H72, H73 and D78 seem to make important contributions
to channel gating of rASIC1a.
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Figure 5.10: No rescue of function by charge swap and charge reversal. A Repre-
sentative current traces for mutants with charge swap and charge reversal.
D78H showed wild type-like behaviour, while oocytes expressing H72AH73D
and H72AH73DD78H showed just artefacts by solution exchange and no
functional channel. B Scheme illustrating the position of H72, H73 and D78
in rASIC1a. C Position of A72, D73 and H78 in a mutant of rASIC1a.
5.1.5 Sterical hindrances induced by MTS reagents at residue 78
To further examine the electrostatic interactions and the conformational rearrange-
ment of H72, H73 and D78, we substituted all three single amino acids by cysteines
and treated the mutants with thiol-reactive reagents. We used ASIC1a-C70L as a
background, because the application of MTS reagents to wild type rASIC1a, but not to
C70L, reduces current [69]. In our hands, currents of C70L were still slightly reduced
by MTS reagents, but this was not due to a covalent modification because it could
be washed out. Therefore, we always compared the current amplitude during the
second low-pH application after MTS treatment to the current amplitude before MTS
treatment.
We used three MTS reagents, which differ in size and charge (figure 5.11). MTSES
and MTSET have nearly the same size and molecular weight, but differ in their charges,
with MTSES being negatively charged and MTSET positively charged. In contrast,
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Figure 5.11: Chemical structure and charges of MTS reagents. A Negatively charged
sodium (2-sulfonatoethyl) methanethiosulfonate (MTSES). B Positively
charged [2-(Trimethylammonium)ethyl] methanethiosulfonate bromide (MT-
SET). MTSES and MTSET share nearly the same size and molecular weight
(∼ 4.5Å and ∼ 260 g/mol). C Neutral S-Methyl methanethiosulfonate
(MMTS). MMTS is smaller in size compared to MTSES and MTSET and
has a molecular weight of ∼ 126 g/mol.
MMTS is a neutral thiol-reactive agent, which has a molecular weight of just ∼ 126
g/mol and is much shorter than MTSES or MTSET. The modifications of H72C, H73C
and D78C by these three different MTS reagents can give insights into the structural
rearrangement of the amino acids during gating or the importance of the charge at
these positions.
First, we applied 1mM of the negatively charged MTSES to D78C at pH 5.5 or pH
7.4 for two minutes. At pH 5.5 this resulted in a 75% reduction of the current (figure
5.12 A and B). At pH 7.4 a similar reduction was observed (figure 5.12 C and D).
Both applications of MTSES in the desensitized and the closed state did covalently
modify the mutant D78C and apparently impaired proper gating. Interestingly, the
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Figure 5.12: MTSES significantly reduces current of ASIC1a-D78C. A Representative
current trace of D78C and wild type. 1mM MTSES was applied at pH 5.5
for 2 minutes. B Comparison of normalized current amplitudes of ASIC1a
and D78C before (white bars) and after (gray bars) application of MTSES.
Current of D78C was significantly reduced after application of MTSES at pH
5.5. C Representative current trace of D78C and wild type. 1mM MTSES
was applied at pH 7.4 for 2 minutes. D Comparison of normalized current
amplitudes of ASIC1a and D78C before and after application of MTSES.
Current of D78C was significantly reduced after application of MTSES at pH
7.4. E Normalized current amplitudes of ASIC1a, H72C, H73C and D78C
before and after coapplication of MTSES at pH 5.5. Values for ASIC1a and
D78C are from panel B. F Normalized current amplitudes of the channels
before and after application of MTSES at pH 7.4. Values for ASIC1a and
D78C are from panel D.
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negative charge of the covalently introduced MTSES reagent did not induce gain of
function of the channel, which suggests that not the charge causes the reduction of
current. Possibly, the large moiety of MTSES causes sterical hindrances, if covalently
attached to D78C, which impairs the channel to move freely during gating.
In contrast, treatment of H72C and H73C with 1mM MTSES in the desensitized
and the closed state did not reduce current (figure 5.12 E and F). Either the cysteines
incorporated at position H72 and H73 are not accessible to MTSES or modification
does not impair channel function.
To further investigate whether the inhibition of D78C by the covalent attachment
of the negatively charged MTSES is caused by the charge or by sterical hindrance, we
tested another thiol-reactive reagent, MTSET. The positively charged MTSET at pH
5.5 and at pH 7.4 significantly reduced current of D78C in the desensitized and the
closed state by ∼ 62%, similar to MTSES (figure 5.13 A and B). Therefore, D78C
is accessible for MTSET and MTSES in the closed and the desensitized state. The
inhibition of proton gated current by both MTS reagents indicates that not the charge
triggers this dramatic change in channel function, but more the large side chains of
MTSES and MTSET. These two large MTS reagents cause sterical hindrances onto
D78C, which seems to move during gating of the channel. If this movement is impaired,
the channel cannot gate properly.
Currents of H72C and H73C were significantly increased by about 8 - 10% after
coapplication of MTSET at pH 5.5 compared to wild type (figure 5.13 A). Additionally,
we observed also an increase of current for H72C after MTSET application at pH 7.4
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Figure 5.13: Modification of wild type, H72C, H73C and D78C by MTSET in the
desensitized and in the closed state. A Normalized current amplitudes of
ASIC1a, H72C, H73C and D78C before (white bars) and after (gray bars)
coapplication of the negatively charged MTSET at pH 5.5 for 2 minutes.
Bars represent current amplitudes of four consecutive low pH-stimulations. B
Normalized current amplitudes of the channels before and after application of
MTSET at pH 7.4.
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by about 20% (figure 5.13 B).
Therefore both mutants seem to be accessible to MTSET in the desensitized state
and H72C additionally in the closed state. The increase of current might be explained
by a rescue of function by the introduced positive side chain of the covalently attached
MTSET. The large moiety of the side chain does not cause the increase of current,
because the treatment with the same sized MTSES did not increase current.
To prove the hypothesis that the nearly total loss of channel function of D78C is
due to the introduced sterical hindrance by the large side chain of the MTS reagents,
we coapplied 1mM MMTS at pH 5.5 or 7.4 and determined the current amplitudes
of the mutants. MMTS is a neutral and relatively short thiol-reactive reagent. The
current of wild type ASIC1a showed a strong inhibition after MMTS application at
pH 5.5, which could be washed out (figure 5.14 A). We suggest that the relatively
short MMTS reagent blocks the pore of ASIC1a.
The treatment of D78C by MMTS did neither change current amplitude in the
desensitized nor in the closed state (figure 5.14). At pH 5.5, the current amplitudes
of D78C were slightly reduced compared to wild type by MMTS treatment, but this
reduction was not significant.
Furthermore, MMTS had small significant effects on the mutant H73C. Application
of MMTS at pH 5.5 reduced the current slightly compared to wild type and the
application at pH 7.4 increased the current of H73C (figure 5.14).
In summary, we conclude from these experiments with MTS reagents that D78
undergoes a conformational rearrangement during gating, which is hindered by co-
valently attached MTS reagents with large moieties. The significant reduction of
1.0
0.8
0.6
0.4
0.2
0.0
A BMMTS+pH 5.5 MMTS+pH 7.4
Wt-A1a D78C H72C H73C
I/I
m
ax
*
Wt-A1a D78C H72C H73C
1.0
0.8
0.6
0.4
0.2
0.0
I/I
m
ax
*
Figure 5.14: Modification of wild type, H72C, H73C and D78C by MMTS in the
desensitized and in the closed state. A Normalized current amplitudes of
ASIC1a, H72C, H73C and D78C before (white bars) and after (gray bars)
coapplication of the neutral MMTS at pH 5.5 for 2 minutes. Bars represent
current amplitudes of four consecutive low pH-stimulations. B Normalized
current amplitudes of the channels before and after application of MMTS at
pH 7.4.
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Figure 5.15: Modification of D78C by different MTS reagents. Bars show the nor-
malized current amplitudes of wild type ASIC1a and D78C after the coap-
plication of three different MTS reagents at pH 5.5 (left) or pH 7.4 (right).
Equally sized MTSES and MTSET significantly reduced currents of D78C
compared to wild type. No significant change of current was determined with
the MMTS reagent. Data assembled from figures 5.12, 5.13 and 5.14.
current of D78C induced by the large MTSES and MTSET in the closed and the
desensitized state is nearly the same for both reagents (figure 5.15). Therefore, the
reduction of current is more likely due to the induced sterical hindrance than to the
charge of the reagents. Additionally, the results imply that D78C is accessible for
the membrane impermeable MTSES and MTSET reagents. Further, the application
with the relatively short and neutral MMTS confirms the hypothesis that large MTS
reagents like MTSET and MTSES introduce sterical hindrance. MMTS did not induce
any significant change of channel function of D78C (figure 5.15), possibly because the
side chain of the reagent was too short to hinder proper channel gating. Based on
these findings, we conclude that D78 suffers structural rearrangements during gating,
which are impaired by large moieties. The radius of MTS-X reagents is around 10Å
[93], which implies a structural obstacle in this distance encountered by D78-MTS-X.
We did not observe any or just small effects for the mutants H72C and H73C
after application of MTS reagents. The application of the positively charged MTSET
increased currents, possibly by introducing a positive charge at these positions. If
H72C and H73C are indeed modified, the MTSET and MTSES reagents did not induce
any sterical hindrance. Hence, if the residues move during gating this movement is
not hindered by large moieties.
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5.1.6 Discussion
The gating mechanism of ion channels is often supported by energetical contributions
of salt bridges. Structural rearrangements of salt bridge forming amino acids in
the GABAA receptor facilitate a mechanism for ligand binding and gating of the
ion channel [53]. Another study found that a state dependent salt bridge between
subunits of the GABAA receptor stabilizes the ligand-bound state [59]. Furthermore,
a state-dependent salt bridge in the P2X2 receptor destabilizes its closed state and
contributes to the coordination of ATP [48].
In this study we investigated the energetical contribution of salt bridges between
highly conserved amino acids in different states of rASIC1a. The findings contribute
to a better understanding of the conformational rearrangement during gating of the
ion channel and the functional role of highly conserved amino acids in rASIC1a.
The main findings of this study are
• that a salt bridge between H73 and D78 might favor ligand binding of rASIC1a
and between H72 and D78 desensitization.
• that a salt bridge between H72/H73 and D78 is not essential for ASIC gating.
• that H73 and D78 move relative to each other in the closed and the desensitized
state.
• that swapping the charges of H72, H73 and D78 does not rescue the function of
the channel.
• that D78C is accessible for membrane impermeable MTS reagents in the closed
and the desensitized state.
D78 has to move freely for proper channel gating
ASICs are the only members of the DEG/ENaC gene family, which show desensitization.
The palm domain is a highly conserved domain of ASICs, but just proton gated channels
have a highly conserved D78E79-motif [28]. The non proton activated rASIC2b does
not carry this motif.
Chemical modification by MTS reagents of D78 reveal essential structural movements
of D78 of the D78E79-motif for proper channel gating.
The application of large MTS reagents, like MTSES and MTSET, to D78C nearly
totally abolished proton gated currents. This effect was charge independent. Addi-
tionally, the incorporation of cysteines at position 73 and 78 did not abolish ASIC
currents, which indicated that not the specific side chains of the amino acids, but
their flexibility is important. We conclude that large MTS reagents and disulfide bond
trapping hinder movement of D78C, which strongly impairs channel gating (figure
5.16) and that the negative charge of the side chain of D78 is not essential for gating.
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Figure 5.16: Free movement of D78 is essential for gating of rASIC1a. Sterical hin-
drances by longer side chains or disulfide bond trapping at position D78
nearly abolish proton gated currents.
Previous studies showed that movements of the palm domain contribute to gating
transitions [16, 82, 28]. Especially, movements of D78 are associated with desensi-
tization [16]. These studies corroborate our findings, which indicates an important
role of the movement of D78 during channel gating. Furthermore, the accessibility
of D78C of rASIC1a for membrane impermeable MTS reagents in the closed and the
desensitized state imply a non buried position of D78. This finding confirms the results
of Cushman et al. that D78 in rASIC3 shows an acessibility for reagents from the
extracellular side [28].
Additionally, we found an accessibility to MTS reagents of H72 and H73 in the
desensitized state but not in the closed state, which implies a state dependent accessi-
bility. We suggest that H72 and H73 undergo a conformational rearrangement, from a
position buried for large compounds in the closed state to an MTS accessible position
in the desensitized state. We hypothesize that H72 and H73, which are located in the
wrist domain of ASICs, might undergo structural rearrangements that are induced by
the linkage to the pre-TM2 domain. The movements of the pre-TM2 domain have
already been found to contribute to activation but not desensitization of the channel
[69].
After we found that structural rearrangements of H72, H73 and mainly D78 are
essential for proper channel gating, we investigated whether the exact position of these
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amino acids in the structure of rASIC1a is important. Based on the results of the
charge swap of the amino acids, we suggest that the exact position of the amino acids
in their relative subunits play an essential role for proper channel gating. Furthermore,
the free movement of the aspartate during structural rearrangements plays a more
important role than previously thought.
Salt bridge interactions of D78 with H72 or H73 are not essential for proper gating
The crystal structure of cASIC1 in the desensitized state revealed an interaction between
E79 and E416, which might play a role in channel gating [51]. Indeed, a study from
Roy et al. confirmed this hypothesis, which showed that the electrostatic interaction
between E79 and N416 of hASIC1a stabilizes the open state [82]. Furthermore,
the crystal structure of cASIC1 [51] and our homology models of rASIC1a in the
desensitized and the open states showed a possible interaction between H73 and D78,
which might play an analogous role to the interaction between E79 and N416 in
hASIC1a.
The double-mutant cycle analysis for the interaction between H73 and D78 in
the desensitized state revealed an coupling energy under the chosen threshold of
∆∆G = −0.4 kcal/mol. However, two coupling energies were above the chosen
threshold for stabilizing interactions. A salt bridge between H73 and D78 might
stabilize ligand binding and one between H72 and D78 the transition from the open to
the desensitized state.
The close position of the amino acids H73 and D78 is confirmed by disulfide bond
trapping in the closed and the desensitized state of H73CD78C, though the oxidizing
reagent H2O2 was necessary for formation of a disulfide bond. The distance in a
possible disulfide bond between H73C and D78C must be smaller than 4.6Å, which is
the maximal distance between the Cβ atoms of the cysteines in a disulfide bond [17].
The hydrophilic environment of the amino acids explains the low value of the
coupling energies. Buried salt bridges are known to have higher coupling energies than
the ones, which are present in a non buried, hydrophilic surrounding [58].
In any case, the mathematical approach for determining stabilizing or destabilizing
interactions between amino acids yields only first hints for interpretation, which might
be impaired by further interactions of the investigated amino acids. The time constants
determined by measurements of the single alanine mutants, like H72A or H73A, might
have been influenced by interactions between D78 with the non mutated histidine.
Such interactions might lead to structural rearrangements, which might influence the
gating of the channel and therefore its time constants, which are used for the double
mutant cycle analysis.
We conclude that the formation of the salt bridges is due to natural interactions
caused by the small distances between the amino acids, but it is not essential for gating.
The introduction of mutations of D78 that prevent the formation of salt bridges do
not abolish channel function. We suggest that H73 and D78 interact during gating
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and are in close vicinity in the closed, open and the desesitized conformation. The
interaction of H72 and D78 during desensitization, which is mathematically predicted
by double mutant cycle analysis, is not confirmed by disulfide bond trapping or the
homology models of the open and the desensitized conformation.
Positive charge of protonated H72 and H73 is important for proper gating
The partial gain of channel function of the mutants H72C and H73C after treatment
with the positively charged MTSET implies a charge dependent effect of these amino
acids. No rescue of function was achieved with the negatively charged MTSES. A
previous study already found that the positive charge or the protonable side chain of
the histidines at position 72 and 73 play a crucial role in channel gating [71].
Functional role of H72, H73 and D78
Summarized, all findings of this study suggest following functional roles of the amino
acids H72, H73 and D78:
• the free movement of the side chain of D78 is essential for proper ASIC gating
(figure 5.16).
• structural rearrangements during different states of rASIC1a are supported by
stabilizing and destabilizing interactions between H72/H73 and D78.
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5.2 Stoichiometry of ASIC1a and ASIC2a subunits in a heterotrimer
Ligands often bind at subunit interfaces, which have a different shape depending on
the stoichiometry of the ion channels. The aim of this study was to find out the
exact stoichiometry of the ASIC1a/2a heterotrimer. Two possible configurations of
the heteromer could exist, one with two ASIC1a and one ASIC2a subunits and the
other one with the opposite composition (figure 5.17). With TEVC measurements we
could observe the existence of heteromers, but the exact stoichiometry of ASIC1a/2a
could not be determined electrophysiologically. Therefore we tagged ASICs with GFP
and ttCherry and in collaboration with a group at the university of Freiburg, used
single molecule imaging for counting their bleaching steps.
A1a A1a
A2a
A1a A2a
A2a
Figure 5.17: Possible subunit compositions in the heterotrimer ASIC1a/2a.
5.2.1 ASIC1a/2a heteromers can be distinguished from the ASIC1a and ASIC2a
homomers by their functional properties
To investigate the stoichiometry of ASIC1a/2a heteromers, we first determined the right
ratio of cRNAs for ASIC1a and ASIC2a to yield a maximum fraction of heteromers.
The currents obtained with different ratios of ASIC1a and ASIC2a cRNA are shown
in figure 5.18. An equal amount of both cRNAs (1 : 1) lead to a current, which is
typical for an ASIC1a homomer with a characteristic apparent affinity of around pH
6.5. Raising the amount of ASIC2a cRNA compared to ASIC1a lead to a current,
which was more typical for a heteromer.
Based on the electrophysiological characterization of the heteromers, we found that
a ratio of 5 : 1 leads to channels that assemble mainly in heteromers. These channels
were not activated at pH 6.5, which should be the case for ASIC1a homomers and
had half-maximal activation at pH 5.2 (table 5.3). In addition, below pH 5.5 channels
carried sustained currents, which suggests a contribution of ASIC2a in the heteromer.
The current obtained with a 25 : 1 dilution looked similar to the current of the
ASIC2a homomer. Currents started at pH 6.0 and had a sustained component at all
pH values. Thus, in the 25 : 1 dilution, the ASIC2a concentration is too high and
homomeric ASIC2a currents dominate the assembly of channels.
The concentration response curves of ASICs were shifted to more acidic pH values,
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Figure 5.18: Representative current traces obtained with different ratios of ASIC1a
and ASIC2a cRNAs. Characteristic properties, like the apparent proton
affinity of ASIC1a at pH 6.5 (filled arrows) and the sustained current at pH
4.0 for ASIC2a (filled arrow heads) are indicated. Open arrows and arrow
heads indicate that the characteristic properties of ASIC1a or ASIC2a are
absent when subunits were mixed. (Image from: Bartoi, Augustinowski et al.,
2014 [12].)
ASIC2a/A1a n EC50 nHill
0 : 1 6 6.5± 0.1 3.7± 0.9
1 : 1 7 5.6± 0.1 1.6± 0.2
5 : 1 6 5.2± 0.1 1.3± 0.2
15 : 1 7 5.1± 0.0 1.4± 0.1
25 : 1 6 2.9± 0.2 0.4± 0.1
1 : 0 4 3.9± 0.2 1.0± 0.1
Table 5.3: EC50 values for different ratios of injected cRNA of ASIC2a/1a obtained
by a fit to a single Hill equation. Half-maximal activation (EC50) and Hill
coefficients (nHill) are shown as mean ± SEM of n different oocytes.
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Figure 5.19: Concentration response curves for the different cRNA ratios of
ASIC2a/1a. A Data fitted by a single Hill function. B Data fitted by a
double Hill function. (Image from: Bartoi, Augustinowski et al., 2014 [12].)
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when the concentration of ASIC2a cRNA was raised (figure 5.19A). Assuming that
the gradual shift of the EC50 indicates the presence of two populations of channels, for
example heteromers in two different compositions, we fitted the dose-response curves
by the sum of two Hill equations. The relative contributions of the two populations
were estimated to obtain the best fits. In figure 5.19 B the fits by the sum of two
Hill equations for all cRNA ratios fit the data points quite well. For the 1 : 1 ratio,
the values for the half maximal activation were 6.3 for one population and 5.4 for the
other (table 5.4). The Hill coefficients were 4.0 and 2.4 respectively. The population
with a EC50 of 6.3 might correspond to homomeric ASIC1a and the other population
to an ASIC1a/2a heteromer.
Fitting the concentration response curve of the 5 : 1 ratio, with the sum of two
Hill equations, two different assemblies of possible heteromer conformations were
obtained, one with an EC50 of 5.5 and the other with an EC50 of 4.7. Both values
differ from the characteristic values for the homomers of ASIC1a or ASIC2a, which
have an EC50 value of 6.5 or 4.0, respectively. Additionally, the ASIC2a homomer
has a characteristic sustained current at pH 4.0. The EC50 values derived from the
sum of two Hill equations for the 5 : 1 ratio indicate an assembly of two different
stoichiometries. The first stoichiometry possibly with two ASIC1a and one ASIC2a (2:1
heteromer) and the other with one ASIC1a and two ASIC2a subunits (1:2 heteromer).
All values obtained by fits with the sum of two Hill equations are shown in table 5.4.
The good fit of the experimental data by the sum of two Hill equations suggests
that two different stoichiometries of ASIC1a/2a heteromers coexist, or that they even
coexist with some homomers (see values for ratios 1 : 1 and 25 : 1, in table 5.4).
Due to the fact that electrophysiological methods cannot clearly discriminate between
different assemblies, this hypothesis was further investigated with a single molecule
imaging method, which was carried out by the group of Prof. Dr. Ulbrich, Freiburg,
Germany. This essay is based on the bleaching of individual fluorescently labeled
subunits. Therefore, we tagged ASIC1a and ASIC2a with green and red fluorescent
proteins and investigated the electrophysiological properties of the tagged channels.
5.2.2 ASIC1a and ASIC2a subunits tagged with fluorescent proteins have normal
functional properties
The functional properties of the tagged and untagged ASIC1a and ASIC2a homomers
were characterized by two-electrode voltage-clamp experiments. ASIC1a and ASIC2a
were tagged with green (GFP) and red (ttCherry) fluorescent reporter proteins by
Dr. Georg Polleichtner from our group. We used ttCherry, a fusion of four mCherrys
combined with flexible linker sequences, because mCherry has a low fluorescence
probability for counting bleaching steps [108].
In figure 5.20 typical current traces for ASIC1a, ASIC2a and the GFP and ttCherry
tagged homomers are shown. The characteristic transient current at pH 6.5 of ASIC1a
and the sustained current of ASIC2a remain the same in the tagged homomers, though
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cRNA-ratio (2a:1a) : 1 : 1 (7) 5 : 1 (6) 15 : 1 (7) 25 : 1 (6)
EC50 6.3± 0.2
nHill 4.0
A/% 20
EC50 5.4± 0.1 5.5± 0.0 5.3± 0.1
nHill 2.4± 0.5 2.5± 0.6 2.1± 0.1
A,B/% 80 70 70
EC50 4.7± 0.1 4.5± 0.0 5.3± 0.0
nHill 4.0 3.0 2.5± 0.1
A,B/% 30 30 17.5± 4
EC50 3.5
nHill 1.0
B/% 82.5± 4
Table 5.4: EC50 values for different ratios of injected cRNA of ASIC2a/1a ob-
tained by the sum of two Hill equations. Half-maximal activation (EC50)
and Hill coefficients (nHill) are shown as mean ± SEM. The values for the rel-
ative fractions of the two populations A and B were estimated to get the best
fits, and were then confirmed by the χ2 values. The number n of individual
oocytes is indicated in brackets.
the GFP and ttCherry tagged ASICs had to be injected in a higher concentration
than the untagged ones (table 4.9 in chapter 4.2.5).
The H+ concentration-response curves in figure 5.21 demonstrate that tagged ASIC1a
and ASIC2a have nearly identical apparent proton affinity as the untagged ones. There
was no significant change in the values of the half-maximal activation (EC50) or of
the sustained currents (ISust./ I). Comparison of the tagged subunits with its wild
type counterparts revealed also no significant change in the desensitization of the
channel (table 5.5). Nevertheless, the values of the homomeric ttCherry-ASIC2a were
significantly changed compared to wild type ASIC2a (table 5.5).
Furthermore, coexpression of ASIC1a and ASIC2a containing a fluorescent tag
did not alter the characteristics of the heteromers. In figure 5.22A, currents are
starting around pH 6.0 and carry a sustained current at acidic pH values, which is
characteristic for the heteromer (section 5.2.1). Concentration response curves of the
tagged heteromers revealed a similar apparent proton affinity as for the untagged
ASIC1a/2a heteromer (figure 5.22B). Similarly, the time constant of the single or
double tagged heteromers were not significantly different to wild type ASIC1a/2a
(table 5.6).
In summary, our results suggest that there is no significant change in the functional
properties of ASIC1a and ASIC2a, if they are tagged with GFP or ttCherry fluorescent
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Figure 5.20: Representative current traces of tagged and untagged ASIC1a and
ASIC2a. Arrows indicate the transient current at pH 6.5, which is character-
istic for ASIC1a and arrow heads the sustained current at pH 3.0, which is
characteristic for ASIC2a. (Image from: Bartoi, Augustinowski et al., 2014
[12].)
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Figure 5.21: Electrophysiological properties of tagged and untagged ASIC1a and
ASIC2a. The H+ concentration-response curves demonstrate the same ap-
parent proton affinity of the tagged subunits compared to their respective
untagged subunit. Data were fitted by a single Hill function. (Image from:
Bartoi, Augustinowski et al., 2014 [12].)
Homomer n τDes. /s P(t-test) EC50 P(t-test) Isust./ I P(t-test)
ASIC1a 6− 8 1.6± 0.1 6.4± 0.0
GFP-ASIC1a 5− 8 1.6± 0.0 1.0 6.3± 0.0 0.6
ttCherry-ASIC1a 7− 8 2.0± 0.1 0.1 6.5± 0.1 0.3
ASIC2a 3− 4 1.2± 0.1 3.9± 0.2 0.1± 0.1
GFP-ASIC2a 6 1.5± 0.1 0.1 4.0± 0.1 0.5 0.2± 0.0 0.3
ttCherry-ASIC2a 6 2.0± 0.3 < 0.05 2.8± 0.2 < 0.05 0.4± 0.0 < 0.05
Table 5.5: Functional properties of tagged and untagged ASIC1a and ASIC2a. The
desensitization constant τdes was determined at pH 4.0. EC50 values were
derived from fits with single Hill functions and the ratios of sustained currents
were derived at pH 5.2. Significant differences to the respective untagged
channels were tested by Student’s t-test. The number of measured oocytes
is indicated by n. Data are represented as mean ± SEM.
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Figure 5.22: Electrophysiological properties of heteromers containing tagged sub-
units. A Representative current traces of ASIC1a/2a heteromers containing
tagged subunits. B Concentration response curves of heteromers containing
tagged subunits. Data were fitted by a single Hill function. (Image from:
Bartoi, Augustinowski et al., 2014 [12].)
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Heteromer n Ratio τDes. /s P(t-test) EC50 P(t-test)
ASIC1a/ASIC2a 6 1:5 0.9± 0.1 5.4± 0.1
ASIC1a/GFP-ASIC2a 7 1:10 1.3± 0.2 0.1 5.4± 0.1 0.9
GFP-ASIC1a/ASIC2a 6 1:10 1.1± 0.2 0.5 5.7± 0.1 0.1
ttCherry-ASIC1a/GFP-ASIC2a 6 100:1 0.9± 0.2 0.8 5.3± 0.1 0.3
GFP-ASIC1a/ttCherry-ASIC2a 10 1:1250 0.8± 0.1 0.3 5.4± 0.1 0.9
Table 5.6: Functional properties of heteromeric tagged ASIC1a and ASIC2a. The
desensitization constant τdes was determined at pH 4.0. EC50 values were
derived from fits with single Hill functions. Significant differences are tested by
the Student’s t-test. The number of measured oocytes is indicated by n. Data
are represented as mean ±SEM.
proteins. The fusion of GFP or ttCherry onto ASIC1a and ASIC2a did just alter the
expression level of the channels in the plasma membrane, because their cRNA had to
be injected in higher concentrations than that of the untagged ASICs.
5.2.3 Discussion
The electrophysiological characterization of oocytes that coexpressed ASIC1a and
ASIC2a clearly identifies an ASIC1a/2a heteromer (figure 5.18). At a 5 : 1 ratio (2a:1a),
the transient current at pH 6.5, which is characteristic for homomeric ASIC1a, and
the huge sustained current at pH 5.5, which is characteristic for homomeric ASIC2a,
were absent. Rather a mixture of both characteristics can be seen. A transient
ASIC1a-like current, which starts at pH 5.7, was detected for the heteromeric assembly
and developed in a current with a sustained component at lower pH.
Electrophysiological analysis clearly distinguishes the heteromer ASIC1a/2a from
its respective homomers, but the exact stoichiometry of the ASIC1a/2a heteromer
could not be determined. This is why we used a more straight-forward approach, the
single molecule imaging method, where single bleaching steps of each GFP or ttCherry
tagged subunit of ASICs in a heteromeric or homomeric assembly can be counted
(data obtained by the group of Prof. Dr. Ulbrich, Freiburg, Germany).
The single-molecule imaging and the two-electrode voltage clamp measurements of
the ASIC1a/2a heteromer revealed three main findings:
• Functional ASICs assemble in trimers in living cells as suggested by crystallization
[51].
• The ASIC1a/2a heteromer assembles randomly into 1 : 2 and 2 : 1 compositions.
• The coexpression of ASIC1a and ASIC2a cRNA leads to two heteromers, coex-
isting with ASIC1a and ASIC2a homomers (figure 5.23).
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Figure 5.23: Homomeric ASIC1a and ASIC2a coexist with two different stoichiome-
tries of heteromeric ASIC1a/2a. The results of the coexpression of A1a
and A2a cRNA in Xenopus laevis oocytes revealed the stoichiometry of a 1:2
and 2:1 composition of the heteromer ASIC1a/2a.
These findings indicate that the variety of ASIC1a/2a heteromers in the brain and in
dorsal horn neurons is larger than previously thought. A previous study of ASIC1a/2a
heteromers in dorsal horn neurons suggested a stoichiometry with two ASIC1a and
one ASIC2a subunit [10]. This hypothesis could be confirmed by our studies, but our
studies revealed a second stoichiometry of subunits. Furthermore, ASIC2a was found
to support ASIC1a localization in synaptic spines [109]. Therefore the assembly of
heteromeric ASICs might have larger functional impacts.
Peptides often bind in subunit interfaces and for the ASIC1a/2a heteromer subunit
interfaces have different shapes depending on their stoichiometry. Newly developed
drugs have to target both interfaces to modulate both stoichiometries. Thus, the
investigation of new therapeutical drugs for ASIC1a/2a heteromers can be challenging.
Other heteromeric assemblies like ASIC1a/2b [96, 90] or ASIC2b/3 [63, 95] might
have fixed stoichiometries, which makes the development of drugs much more easier.
These data have already been published [12].
6 Outlook
The results of this study on the molecular details of the gating mechanism of ASIC1a
and on the stoichiometry of ASIC1a/2a can help to understand other ASICs and
maybe further ion channels of the DEG/ENaC family in a better way. To obtain
further information, several additional and related experiments to this study could be
performed.
Gating mechanism of ASICs
Molecular dynamic simulations can visualize the structral rearrangement of the amino
acids H72, H73 and D78 in rASIC1a. The homology models of rASIC1a in the
desensitized and the open state could be the starting points for simulations. The
amino acids H72, H73 and D78 in the homology model could either be protonated or
deprotonated to see their impact on protein stability. The structural rearrangement of
the protein during simulation could give first hints about the pore forming mechanism
and the contributing interactions of the amino acids. Interactions derived from salt
bridges and the predicted large movement of D78 could be seen in the energetically
minimized structures.
Additionally, the structural rearrangement of H72 and H73 can be investigated by
voltage-clamp fluorometry. Our results showed that H72 and H73 are accessible for
MTSET in the desensitized and in the closed state. Therefore, they might undergo
a structural rearrangement during gating. Voltage-clamp fluorometry could assign
conformational rearrangements of H72 and H73 to different gating transitions. This
method has a higher time resolution than chemical modifications [16], which would
give first insights about the structural rearrangement of the two histidines.
Stoichiometry of ASICs
To pharmacologically distinguish the two different heteromers, single subunits of the
heteromer could be covalently linked to constrain the stoichiometry of the heteromers
to 1:2 or 2:1. These channels could be tested by PcTx1, for example. Due to the
binding of PcTx1 to the subunit interfaces of the heteromers, the number of intact
binding sites that are needed for the inhibiting effect of the toxin onto ASIC1a could
be determined [54].
Concerning the additional heteromeric assemblies ASIC1a/2b, ASIC2a/3 and ASIC2b/3
which exist in the central and peripheral nervous system, the knowledge of the sto-
ichiometry of these heteromers could be useful for the development of new drugs.
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Therefore, all ASICs involved in the heteromers could be tagged with GFP and
ttCherry and characterized electrophysiologically. By the single molecule imaging
approach the bleaching steps of the tagged subunits could be revealed and would
give information about the subunit composition. Maybe these heteromers have fixed
stoichiometries.
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